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EXECUTIVE SUMMARY 


Excessive interior noise and vibration in propeller driven general aviation aircraft can 
result in poor pilot communications with ground control personnel and passengers, and, during 
extended duration flights, can lead to pilot and passenger fatigue. The typical cabin noise 
spectrum is dominated by discrete tones generated from propeller, engine exhaust, or engine case 
radiation airborne impingement onto the fuselage and/or from direct structure-borne engine 
vibration. To develop efficient noise control measures, the source of each of the offending tones 
and their respective paths of propagation need to be understood. Signal analysis techniques 
applicable to tone excitation have been looked at over the past decade; however, a solidified 
approach to noise source/path identification is not presently available for the General Aviation 
Community. 

There were two primary objectives of the research effort reported herein. The first 
objective was to identify and evaluate noise source/path identification technology applicable to 
single engine propeller driven aircraft that can be used to identify interior noise sources 
originating from structure-borne engine/propeller vibration, airborne propeller transmission, 
airborne engine exhaust noise, and engine case radiation. The approach taken to identify the 
contributions of each of these possible sources was first to conduct a Principal Component 
Analysis (PCA) of an in-flight noise and vibration database acquired on a Cessna Model 1 82E 
aircraft. The purpose of the PCA was to obtain an in-flight correlated data set as viewed by a 
fixed set of cabin microphones. A Conditioned Response Analysis (CRA), combining ground 
test noise source simulation frequency response function data with the in-flight PCA vectors, was 
then carried out to identify the relative contributions of each of the simulated sources to the cabin 
noise levels as measured by the fixed set of cabin microphones. The second objective was to 
develop and evaluate advanced technology for noise source ranking of interior panel groups such 
as the aircraft windshield, instalment panel, firewall, and door/window panels within the cabin of 
a single engine propeller driven aircraft. The technology employed was that of Acoustic 
Holography (AH). AH was applied to the test aircraft by acquiring a series of in-flight 
microphone array measurements within the aircraft cabin and correlating the measurements via 
PCA. A boundary element model of the aircraft cabin interior was then constnicted, with 
pressure recovery nodes at the array measurement locations. The source contributions of the 
various panel groups leading to the array measurements were then synthesized by solving the 
inverse problem using the boundary element model. 

Analysis of the in-flight and ground test databases for the Cessna Model 1 82 showed the 
aircraft interior noise to be generated from several airborne sources, including the propeller, 
exhaust, and engine case radiation. Stmcture-borne engine/propeller vibration was not identified 
to be a significant contributor to interior noise. The major paths of noise propagation were 
identified to be the aircraft windshield and firewall. Further work in the area of experimental 
verification and extended acoustic holography modeling is needed to verify the source/paths 
identified in the PCA and CRA evaluations. 
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1. INTRODUCTION 


1.1 Background 

Excessive interior noise and vibration in aircraft can result in poor pilot communications 
with ground control personnel and passengers, and, during extended duration flights, can lead to 
pilot and passenger fatigue. A typical interior noise spectrum taken from a single engine 
propeller driven General Aviation aircraft is shown in Figure 1.1. The spectrum is dominated by 
discrete tones generated from propeller, engine exhaust, or engine case radiation airborne 
impingement onto the fuselage and/or from direct structure-borne engine vibration. 
Identification of the sources of individual tones can, to some extent, be facilitated by knowing 
the number of engine cylinders and number of propeller blades, except for the cases where 
engine firing and propeller tones align. The paths of propagation are not easily identified for 
either case. To develop efficient noise source/path control measures, the source of each of the 
offending tones and their respective paths of propagation need to be understood. Signal analysis 
techniques applicable to tone excitation have been looked at over the past decade [1-5]; however, 
a solidified approach to noise source/path identification is not presently available for the General 
Aviation Community. 

Aside from direct air vent leaks, all interior noise is structure-borne via the surrounding 
vibrating panels within the cabin. If source/path control is not possible, then control at the 
interior radiating panel must be undertaken, requiring identification of the offending panels. Due 
to the varying degree to which panel vibrations couple with the cabin acoustic volume, direct 
measurement of panel vibration, which is straightforward, will not directly identify those panels 
that are major noise radiators. Limited success has been found in the use of sound intensity in 
the low frequency regions applicable to the General Aviation aircraft cabin [5-6], A more 
promising technique, that of near- field acoustic holography [7-8], is gaining much attention and 
appears to be applicable to the General Aviation cabin geometries when coupled with modem 
day Helmholtz' Integral Equation solvers. 

1.2 Program Objectives and Approach 

There were two primary objectives of this research effort reported herein. The first 
objective was to identify and evaluate noise source/path identification technology applicable to 
single engine propeller driven aircraft that can be used to determine interior noise sources 
originating from structure-borne engine/propeller vibration, airborne propeller transmission, 
airborne engine exhaust noise, and engine case radiation. The approach taken to identify the 
contributions of each of these possible sources was first to conduct a Principal Component 
Analysis (PCA) of an in-flight noise and vibration database acquired on a Cessna Model 182E 
aircraft. The purpose of the PCA was to obtain an in-flight correlated data set as viewed by a 
fixed set of cabin microphones. A Conditioned Response Analysis (CRA), combining ground 
test noise source simulation frequency response function data with the in-flight PCA vectors, was 
then carried out to identify the relative contributions of each of the simulated sources to the cabin 
noise levels as measured by the fixed set of cabin microphones. These activities are described in 
Section 2 of the report. 
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Tlie second objective of the work reported herein was to develop and evaluate advanced 
technology for noise source ranking of interior panel groups such as the aircraft windshield, 
instrument panel, firewall, and door/window panels within the cabin of a single engine propeller 
driven aircraft. The technology employed was that of Acoustic Holography (AH). AH was 
applied to the test aircraft by acquiring a series of in-flight microphone array measurements 
within the aircraft cabin and correlating the measurements via PCA. A boundary element model 
of the aircraft cabin interior was then constructed, with pressure recovery nodes at the array 
measurement locations. The source contributions of the various panel groups leading to the 
array measurements were then synthesized by solving the inverse problem using the boundary 
element model. Details of the analysis procedures and the results obtained are described in 
Section 3 of the report. Concluding remarks are given in Section 4. Recommendations for 
experimental verification of the noise source/paths and panel groups contributing to cabin noise 
in the Cessna 182E are given in Section 5. 



Frequency - Hz 

Figure 1.1 T ypical General Aviation Interior Noise Spectrum. 
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2. NOISE SOURCE/PATH IDENTIFICATION 

2.1 Principal Component Analysis 

A Principal Component Analysis (PCA) of an aircraft in-flight noise and vibration 
database is necessary to identify the relative contributions of each of the measured responses to a 
fixed set of cabin reference microphones and to identify the number of partial sources 
contributing to the cabin noise field. The database of aircraft response parameter measurements 
may be acquired in a number of subsets; however, with each subset a fixed set of cabin reference 
microphones must be included. Sample averaged cross spectra between each of the system 
response parameters and the cabin fixed references are then developed. From this series of 
cross-spectral matrices, a set of partial correlated sources are generated to identify the relative 
contributions of each of the response parameters to the cabin fixed reference microphones. 

When evaluating the source characteristics of an arbitrary source, a unique signal that is 
correlated with the acoustic source may not be observable without interference from other 
sources. Such is the case for a propeller driven aircraft where the engine structure-borne 
vibration and propeller airborne radiation, engine case radiation, and exhaust sources cannot be 
separated during in-flight operation. In general, for a vehicle sound field that consists of a series 
of partial sources, no such signal exists within the physical system. However, at some 
frequencies, the responses may be attributed to a particular source/path by virtue of its rotational 
order while other rotational orders can be a combination of several sources. The general case is 
assumed for most practical engineering applications. The following also addresses the case 
where, at most, a limited set of parameter instrumentation is available for the measurements and 
this instrumentation must be moved about the vehicle to span the required measurements. 

The approach taken for this most general case will be to use a cross-spectral 
representation of the sound and vibration field and extract a coherent source description 
therefrom [8]. Let us assume that the vehicle noise source consists of a finite (small) number of 
partial sources, say L of them. The sources could be engine/propeller vibration, propeller 
airborne noise, engine case radiation, etc. Each partial source transmits a partial field that is 
perfectly coherent within the vehicle structure. The cross-spectral matrix for the /th partial 
source is: 


[ c i] = {p*}Ipi} = {p*}{PiY > 1 = 1,2, ...L. (2.1) 

Here we use p to represent any combination of vibration or acoustic response parameters. The 
cross spectrum matrix for the total system would be the linear sum of each of the partial fields 
which can be written, for three partial sources, as: 



Pi 


Pi 


P 3 


Pi 


P 3 



(2.2) 


If we could turn on each of the partial fields one at a time, we could construct the total vehicle 
response field; however, this is not possible for the general case. If one or more of the partial 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-1 




sources cannot be seen by the vehicle response field measurements, the cross spectrum matrix 
for L partial fields will have a rank less than L. Let us assume that the rank of the cross spectrum 
matrix, C, is /, where J < L. This being the case, there exists a matrix of responses A of size 
J xN, where N is the number of response measurements in the vehicle response field that can 
replace the response matrix P, such that: 

[c]=kk j. (2.3) 

In order to determine a set of composite sources; i.e., columns of the A matrix, we 
employ a principal component technique. Let us place several stationary reference transducers 
within the vehicle cabin. These reference signals could be surface accelerometers, microphones, 
etc., which are to remain fixed during all measurements. It is assumed that these stationary 
references can in total see each of the L partial sources. Let the matrix R be defined as 

M=[q r 2 r J , (2.4) 

where the columns are the reference traces for the L partial sources and the rows are views of the 
L partial fields seen by a particular stationary reference. Now let us add the vehicle response 
parameters to these stationary references to form an extended partial system matrix as: 


to] 


r l 

r 2 

r L 


~R~ 

.Pi 

Pi 

Pl. 


P 


(2.5) 


The extended cross spectra matrix may then be written as: 


p'Me'kT 


~c R 

Crp 


' r*r t 

r*p t 

r *T 

yRp 

C 


_p*r t 

P*P T 


fr c 2 ]. 


(2.6) 


If one could measure directly the individual contributions of the L partial sources as 
indicated in Equation 2.5, the system measurement would be complete; however, this is not the 
case. We do not have the ability to selectively turn off and on the partial sources so that such 
measurements can be made. Instead, for a set of R stationary reference signals and a number of 
N system measurements (this can be several sets of say M response parameters) we can obtain 
the reference cross spectrum matrix Cr and the cross spectra from the references to the system 
measurement points Crp. From these measurements, the hill system cross spectrum matrix, C, 
can be determined as follows: 

1. We assume that the rank of the C E matrix must be that of the Cr matrix. By the 
very definition of a partial source, the rank of the Cr matrix cannot be any greater 
than the number of partial sources, L. (A good check on the number of partial 
sources is to select the number of stationary references, R , increasingly larger until 
the rank of the reference cross spectrum matrix, Cr, becomes rank deficient. At this 
point, the number of partial sources is just one less than the number of stationary 
references.) 
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2. The rank of the C/ matrix must then also be that of C E ; consequently, the columns 
of C 2 are linear combinations of Ci and we may write C 2 = Ci £, where the matrix E 
is of size R by N. 

3. Substitute this relationship into Equation 2.6 and we have a set of linear equations 
to be solved for E and C, namely: 

E = C~ R C RP and 


C=ClCtC RP . (2.7) 

The inverse of the reference cross spectrum matrix may, as discussed above, be rank 
deficient at some spectral frequencies where a particular partial source is not present. In this 
case, a single value decomposition (SVD) of the cross spectrum matrix will be computed and the 
principal singular values will be used to represent the inverse with C~ R l replaced by C R to denote 
the pseudo inverse, which is exact if Cr has the rank of R. The pseudo inverse takes the form 

C + R = S*D + S t S*S t = S T S* = I R (2.8) 

where D is a diagonal matrix of the eigenvalues (singular values) squared, and S is a R x R 
orthonormal matrix of eignvectors. When Cr is rank deficient, say of rank ./ < R, then the 
eigenvalue matrix will contain only ./ non-zero eigenvalues. For this case, we use only the non- 
zero eigenvalues and form the inverse D \ The corresponding J eigenvectors, S, are of size R. 

With the above representation of the reference cross spectrum matrix we may, after 
considerable mathematical operation, obtain the principal component representation of the 
system cross spectrum matrix as given in Equation 2.3 as: 

[c]=[A*\A T ]=[C T RP SjDJ ll 2 f[C RP SjDJ m ] T , (2.9) 

from which follows: 


[a]=[C t rp SjDJ 112 ]. (2.10) 

The columns of A are the principal system responses extracted from the reference cross spectrum 
matrix, or: 

{«, }= d] 1 ' 2 [c t rp t , 1 j = 1,2, 3,... J. (2.11) 

The system source vectors may then be examined for relative source contributions. 

2.2 In-Flight Database 

In-flight noise and vibration data were acquired on a Cessna Model 182E single engine 
propeller driven aircraft to provide a database of cabin interior noise, external pressure field 
excitation, and airframe vibration. The frequency range of interest was out to 1,000 Hz. The 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-3 




tests were conducted during the week of November 30, 1998 at the Cessna Aircraft Company, 
Single-Engine Division, located in Wichita, Kansas. 


2.2.1 Cessna Model 182E Aircraft 

A photograph of the test aircraft is given in Figure 2.1 and the basic overall dimensions 
of the aircraft are given in Table 2.1. The approximate empty weight of the 182E aircraft was 
1,580 lb. (716 kg). The aircraft is equipped with a six-cylinder, bed-mounted engine driving a 
constant speed two-bladed propeller. The test aircraft bears the Serial Number 182-54068. 

2.2.2 Instrumentation Layout 

There were three groups of instrumentation installed in the aircraft; namely, a set of 
primary and secondary sensors in the aircraft cabin (AC), a set of secondary sensors under the 
engine cowling (EC), and a third set that covered the aircraft exterior (AE) in the area of the 
cabin, hi the following discussions, reference is made to the instrumentation layouts given in 
Figure 2.2. 

Aircraft Cabin 


The primary sensors in the aircraft cabin were four microphones. Two microphones were 
centered above the pilot’s and copilot’s control column, level with the top of the glare-shield and 
in-line with the forward doorpost. Two additional microphones were mounted at the ear level of 
would be rear seat passengers. In addition to these microphones, several surface mounted 
accelerometers were placed within the cabin as denoted in Table 2.2. 

Engine Cowling 

A number of transducers were placed within the engine cowling to record engine and 
airframe motion and direct airborne engine case radiation. Three high temperature 
accelerometers were placed on top of the engine to record engine vibrations in the axial, lateral, 
and vertical directions. Pairs of accelerometers were placed on either side of a forward engine 
mount to record vibration mount transmissibility in the shear and axial directions. 
Accelerometers were also attached to the firewall, one adjacent to a microphone to sense firewall 
noise transmission, potentially from engine case radiation. The list of sensors installed in the 
engine cowling area is given in Table 2.3. 

Aircraft Exterior 


The aircraft exterior was fitted with a series of microphones to record the propeller source 
noise impinging on the windshield and fuselage structure. Engine exhaust excitation and local 
fuselage response were also recorded. The aircraft exterior instrumentation are listed in Table 
2.4 


The accelerometers used were of a lightweight design (2 grams) and were bonded to the 
local structure. High temperature accelerometers were used on the engine. The interior and 
exterior microphones were 14-inch ICP. Flush mounting of the external microphones was not 
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possible. The microphones on the exterior of the aircraft were soft mounted and shielded from 
the direct air stream via a porous teardrop shaped cover, as shown in Figure 2.3. While this 
mounting arrangement was not ideal, tone penetration above the flow noise occurred out to 
500 Hz, as will be seen in the data to be presented. The original test plan included a tachometer 
to be recorded on data channel 32 to provide a timing trigger for spectral analysis of the data. 
This would have been most helpful in sample averaging out the broadband random noise in the 
external microphones. Unfortunately, the tachometer was removed from the test aircraft the 
evening prior to the flight test and was not available for the duration of testing. 

2.2.3 Flight Conditions 

The 31 channels of noise and vibration data on the 182E aircraft were recorded for the 
following flight conditions: 

• Normal Climb (500 fpm) - NCL - Initiated climb at 2,000 ft altitude at 500 fpm 
and ended climb at 6,000 ft altitude. Vehicle indicated speed ranged from 91 kias 
to 105 kias. Engine speed constant at 2,400 rpm with manifold pressure at 
23 inches. 

• Best Rate of Climb - BCR - Initiated climb at 2,000 ft altitude and ended climb at 
6,000 ft altitude. Vehicle indicated speed ranged from 76 kias to 88 kias. Engine 
speed constant at 2,400 rpm with manifold pressure at 23 inches. 

• 65% Power Cruise - C65 - Cruise at 5,000 ft altitude with vehicle speed at 
1 15 kias. Engine speed constant at 2,400 rpm with manifold pressure at 23 inches. 

• 75% Power Cruise - C75 - Cruise at 5,000 ft altitude with vehicle speed at 
120 kias. Engine speed constant at 2,400 rpm with manifold pressure at 21 inches. 

• Cruise Descent (500 fpm) - DES - Descent initiated at 6,000 ft altitude at 500 fpm 
and ended descent at 2,500 ft. Vehicle indicated speed was 130 kias. Engine speed 
constant at 2,400 rpm with manifold pressure at 19 inches. 

2.2.4 Typical Noise and Vibration Response 

A summary of the overall noise and vibration levels recorded for the various flight 
conditions is given in Table 2.5. Typically 400 sample averages of all auto and cross spectra 
were acquired during steady state operation of the vehicle. Overall engine vibration isolation 
effectiveness can be seen when comparing the vibration responses of EC4 to EC8 and EC5 to 
EC9. At first it appears that the engine mounts are less than 50 percent effective in reducing 
transmitted engine vibrations; however, one must look at the frequency spectrum before making 
any judgments on isolator effectiveness. The vibration levels of the firewall, at EC12 and EC13, 
appear to warrant some interest along with the local sound pressure level in this area, given by 
EC 14. 


The noise and vibration spectra for the 75 percent power cruise condition are presented in 
Figures 2.4 through 2.18 as typical in-flight spectra. As expected for the propeller driven 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-5 




aircraft, the spectra are rich with engine and propeller harmonics. Likewise, the vibration spectra 
show similar harmonic response. The data were recorded at an engine speed of 2,400 rpm. The 
engine fundamental is at 40 Hz, the propeller fundamental at 80 Hz (two-bladed propeller), and 
the engine firing fundamental is at 120 Hz (six-cylinder engine). 

Cabin Spectra 

The cabin sound pressure level spectra are dominated by the engine, propeller, and firing 
(exhaust) fundamentals and higher order harmonics. There are also harmonic responses 
occurring at half of the engine fundamental, which are associated with valve closure. The A- 
weighted noise spectra in the forward cabin, reference Figure 2.4, are surprisingly high in the 
mid frequency range, 400 to 500 Hz, while the aft cabin spectra, reference Figure 2.5, are low 
frequency, 50 to 250 Hz, dominated. The right side of the instrument panel exhibits a high level 
of vibration as compared to the left side, as shown in Figure 2.6. As should be expected, the 
windshield vibration spectra are dominated by propeller tones. The fuselage window vibration 
spectra exhibit a high level of response at the propeller harmonics as well, reference Figures 2.8 
and 2.9. 

Engine Spectra 

The engine and engine mount truss vibration spectra are rich in tonal response with the 
fundamental at 20 Hz, half the engine speed, as seen in Figures 2.10 through 2.15. However, the 
major tonal responses align with the engine speed fundamental of 40 Hz as do the cabin noise 
spectra. Comparison of the vibration transmission across the engine mount, Figure 2.13, 
indicates that engine vibration isolation does not begin until around 200 Hz and 250 Hz, 
respectively, in the axial and transverse directions. The isolation is shorted by engine mount 
resonances. The axial vibration component in the engine mount truss members exhibits a broad 
band resonance around 500 Hz, with the firewall vibration spectra reflecting similar behavior, 
see Figure 2.15. The sound pressure level spectrum in the mid center of the firewall area also 
indicates a high level of noise in the low and mid frequency regions of the spectrum. 

Fuselage Spectra 

The sound pressure level spectra external to the fuselage are dominated by flow 
(boundary layer noise) beyond 500 Hz, see Figure 2.17. While the propeller and exhaust tones 
can be identified in the spectra below 500 Hz, the signal to broad band noise is not very good for 
several of the tones. The accelerometer AE5, mounted on the fuselage structure adjacent to the 
microphone, exhibits similar broad band noise characteristics. The high level of broad band 
vibration above 350 Hz leads one to believe that a high level of air turbulence exists in this area. 

For interior noise control, the spectral response at the engine harmonics appears to be of 
primary concern. The various engine harmonics, out to 1,000 Hz, are identified in Table 2.6 
along with the amplitude responses for the 75 percent power cruise flight condition. Table 2.6 
shows that the individual harmonics that contribute to ulterior noise are at IP, IF, 2P, 2F-3P, 5P, 
4F-6P, and 13E, all lying above 75 dBA. This is typical for all flight conditions with some 
variation. It is these engine harmonics that are of interest for further noise source/path analyses 
employing Principal Component Analysis (PCA). 
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2.3 Principal Component Analysis Results 

Principal component analyses of each of the five vehicle flight conditions were carried 
out to determine if such analysis procedures will indicate source/path relationships for the 
aircraft and if the relationships are consistent for the various flight conditions. The initial 
analysis consisted of a singular value analysis of the four interior microphones to determine if 
sufficient fixed references are available to capture the source field. The results of the analyses at 
each of the engine harmonics are given in Tables 2.7 through 2.11, respectively, for the five 
flight conditions. At many of the dominant tones, such as, IP, IF, 2P, 2F-3P, 5P, 4F-6P, and 
13E, a single partial source was indicated with some exceptions. 

The primary source contributions to each of a select number of tones are given in Tables 
2.12 through 2.16, for each of the flight conditions. The eigenvector components corresponding 
to the microphone responses were converted to sound pressure levels. The major contributing 
components for each response vector are highlighted. While the first propeller tone was not one 
of the dominant tones, it was included in the evaluation to see if PCA would pick out the 
intuitive source/path relationship. As can be seen by the indicated contributors to the 80 Hz 
fundamental propeller tone, PCA indicates the intuitive path, being the windshield and cabin side 
walls along with the firewall. Likewise, the downstream exhaust is shown to dominate at the 
120 Hz fundamental firing frequency with the transverse acceleration of the engine mount on the 
airframe side being quite high, indicating a torsion-like motion of the engine. 

2.4 Conditioned Response Analysis 

A brief outline of the concept of Conditioned Response Analysis (CRA) is given below to 
provide a rationale for the supporting ground tests described in Section 2.4. The concept of CRA 
used herein is to enhance the knowledge gained from the PCA of the aircraft flight test data with 
a series of ground test simulations of postulated airborne or structure-borne noise sources. 

Several years ago in-flight structure-borne noise transmission detection techniques were 
developed by researchers at Southwest Research Institute 1M employing a combination of ground 
based frequency response function testing and in-flight response parameter measurements [1]. 
The detection technique was applied to the PTA aircraft to determine the level of propeller 
induced structure-borne interior noise transmission [2], In the PTA study, the propeller wake 
excitation was simulated via dual shaker out of phase excitation applied to the wing main spar 
producing a dynamic moment about the propeller axis of rotation. For this particular 
investigation, a single staicture-borne source excitation was evaluated. 

In most general investigations, the noise source is not so well understood nor can it be as 
easily characterized as it was for the PTA aircraft evaluation. This being the case, several 
possible airborne and/or structure-borne noise sources should be applied during ground testing to 
establish a series of potential path/receiver relationships, which can, in the end, be used in some 
linear combination to simulate the actual in-flight noise source(s). For example, engine induced 
structure-borne noise in a piston driven general aviation aircraft due to engine imbalance and/or 
propeller vibration is transmitted past the engine isolation system through the engine support 
structure directly into the fuselage cabin. Likewise, the propeller direct airborne noise is 
transmitted to the cabin via the windshield and/or other responding structures. Simulation of 
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such noise sources during ground testing may require several possible types, locations and 
directions of excitation to completely characterize the source field. 

2.4.1 Instrumentation 
Cabin Microphones 

The instrumentation for the CRA should consist of a set of interior microphones placed 
within the cabin at would be pilot, co-pilot, and passenger head heights and at other locations 
where interior noise is of interest. The locations should be identical to those used during 
acquisition of the in-flight data noise and vibration database. The following nomenclature is 
used to describe the responses at the cabin microphones: 

{ P f } = {p/} + {Pa f }, (2.12) 

where, 

{ p 1 } - in-flight microphone response vector (Mx 1), 

{ p s f } - in-flight structure-borne noise component vector, 
and 

{ p a ' } - in-flight airborne noise component vector. 

Likewise, during ground testing, 

{ p s } - ground test noise vector (Mx 1), 

consisting of components from both simulated airborne and structure-borne noise 
sources. 

The aircraft may be equipped with microphones to record the external airborne noise 
source directly as well as accelerometers to record vibrations due to structure-borne noise 
transmission. The primary response instrumentation recorded during flight and during ground 
tests provides the link between the ground source simulation vectors and the in-flight measured 
cabin noise levels. 

Airframe Structural Response 

Airframe structural response instrumentation is to be placed along potential SBN paths 
leading to the aircraft cabin. These primary structural response parameters should be chosen 
such that in-flight airborne noise sources would produce insignificant structural response at these 
locations. The structural response vectors are: 

{ as f } - in-flight structural response vector (Ns x 1), 
and 

{ as g } - ground test structural response vector (Ns x 1). 
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There may be cabin interior structural response parameters of interest, such as instrument 
panel or bulkhead responses. These parameters could assume the same role as the interior 
microphones and may be viewed as an extension to the microphone response vector without loss 
in generality or assume the role as primary structural responses. 

Airframe Acoustic Response 

Microphones may be placed directly on the airframe to record direct airborne noise 
radiation from the propeller. The acoustic response vectors are: 

{ aa 1 } - in-flight airborne response vector (Na x 1), 

and 

{ aa g } - ground test airborne response vector (Na x 1). 

Combined Responses 

For the purposes of representation, the airframe structural and acoustic responses may be 
combined into one airframe response set: 

{ a 1 }={ as f : aa 1 } [ - in-flight airframe response vector ( N x 1), (2.13) 

and 

{ a 8 }={ as 8 : aa 8 j 1 - ground test airframe response vector (N x 1 ). (2.14) 

where N is now the sum of Ns and Na. 

The reason for breaking out the airframe structural and acoustic responses will be made clear in 
the improved procedures discussed in Section 2.5.4 to follow. 

2.4.2 Data Acquisition 

During ground test, assume that j = 1,2,3, .. J sets of microphone ulterior responses and 
airframe responses are acquired during J combined structure-borne and airborne noise source 
simulations. In these simulations, the sources of excitation are to be unique. During structure- 
borne excitation, every caution must be taken to shield the airframe from any airborne noise, 
especially that radiated from the shakers used to provide airframe excitation. Frequency 
response functions between the cabin primary microphone and airframe primary responses with 
respect to one of the airframe primary response parameters shall be recorded during the ground 
test simulations. For a given source simulation, the reference response would be chosen to 
provide excellent correlation with the simulated source. During flight, data are to be acquired at 
identical microphone locations, say m = 1,2,3, ...M, and at identical airframe response parameter 
locations, say n = 1,2,3, ...N, as those used during ground testing. The in-flight data would be 
phase correlated to the cabin microphone responses. 
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2.4.3 Data Analysis 


The procedure to use for relating the ground test response data to the in-flight response 
data begins with determining the linear sum of ground test airframe response parameter vectors 
which best fit the in-flight airframe response parameters measured during flight. Thus, we seek 
the vector {a} such that: 

{ V } = [A g ]{cc} (2.15) 

where, 

{ “a 1 } - is to be a close approximation to { a f }, the in-flight airframe response 
vector, 

[ A c ' ] - is a matrix of selected { a 8 } response vectors (N x J), 
and 

{ a } - the desired source simulation weight vector (./ x 1). 

This being the case, we may then estimate the in-flight structure-borne and airborne noise 
components from: 

Tp} = [P G ] {oc} (2.16) 

where, 

{ “p } - is an estimate of the in-flight response vector, 

[ P G ] - is a matrix of the { p 8 } response vectors ( N x J), consistent 
with { ot } and 

{ a } - is the source simulation weight vector determined from the best fit to the 
in-flight structural response parameters. 

The solution approach initially taken was to include all the ground simulation information in a 
single evaluation and to use a Moore-Penrose pseudoinverse [9] of the over determined system 
of equations to obtain a solution. 

{a k }= pinv[A G ]{V }. (2.17) 

The extent to which the above formulation of CRA facilitates noise source/path 
identification for the Cessna Model 182E aircraft was evaluated using the ground test source 
simulation data sets described in the following section. As will be seen, analysis of this data 
resulted in a modification to the general CRA procedures, as is described in Section 2.5.4. 

2.5 Ground Test Noise Source Simulation 

Ground test noise source simulation data were acquired on the Cessna Model 182E 
aircraft during the week of April 5, 1999 at Stinson Airport. San Antonio, Texas. A photograph 
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of the aircraft suspended on wing jacks ready for ground test is shown in Figure 2.19. The wing 
jack suspension was used to better simulate in-flight loading of the structure. 

2.5.1 Source Simulations 

The following noise source simulations were carried out while the aircraft was in the 
ground test configuration: 

Propeller Airborne Noise Source Radiation 

The array of 8- to 10-inch speakers shown in Figure 2.20 was used to provide simulation 
of the propeller acoustic radiation. The speakers were time delayed to provide simulation of the 
rotational speed of die propeller at 2,400 rpm. The drive signal was a terminal peak saw tooth 
with a fundamental at 80 Hz resulting in a broad spectrum of harmonics, as is shown in 
Figure 2.21. To maintain phase correlation across all installed instrumentation, the windshield 
microphone response signal, AE1, was used as a reference signal to generate the frequency 
response functions (FRF) required for the CRA. The cabin sound pressure levels recorded 
during the propeller simulation were well above the background noise levels, as is shown in 
Figure 2.22. 

Engine Exhaust Noise Radiation 

While the first and third harmonics of the engine firing frequency at 120 Hz were 
dominant in the exterior noise field, reference AE4 of Figure 2.17, the exhaust simulation 
included all engine harmonics. A speaker, placed near the engine exhaust, was driven at the 
engine fundamental of 40 Hz to simulate the engine exhaust noise, see Figure 2.23. The drive 
signal was a terminal peak saw tooth that produced downstream levels at AE4 well above 80 dB 
throughout the spectrum, as is shown in Figure 2.24. AE4 was chosen as the reference signal to 
generate the FRFs required for the CRA. The cabin noise levels generated by the exhaust 
speaker were well above the noise floor, as can be seen in Figure 2.25. 

Engine Noise Radiation 

A speaker was also placed in the area between the engine and firewall to produce direct 
airborne impingement on the firewall to simulate engine noise radiation, see Figure 2.26. The 
engine cowling was replaced and the speaker was driven with a terminal peak saw tooth at the 
engine fundamental of 40 Hz. The microphone mounted near the firewall, EC 14, was chosen as 
the reference signal. The microphone exhibited good signal to noise ratios, as shown in 
Figure 2.27. Likewise, the cabin microphone responses were adequately above the noise floor to 
generate the FRFs required for the CRA, as shown in Figure 2.28. 

Direct Structure-Borne Noise 

An electrodynamic shaker was attached to the aircraft engine to impose torsional 
excitation simulating engine or propeller imbalance vibrations, generally considered as direct 
structure-borne noise transmission. The shaker sting was attached to the engine block at one of 
the oil pan bolts off from the engine centerline, as shown in Figure 2.29. The imposed force level 
spectrum produced with a terminal peak saw tooth waveform at 40 Hz is shown in Figure 2.30. 
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The resulting cabin noise levels, given in Figure 2.31, confirmed the adequacy of the drive 
signal. The load cell output was chosen as the reference signal for the data set. While the engine 
cowling was not replaced for this simulation, the shaker was covered with a high transmission 
loss blanket to minimize airborne radiation from the shaker. An overall view of the direct 
structure-borne noise shaker test setup is shown in Figure 2.32. 

2.5.2 Instrumentation Layout 

The instrumentation employed during the ground simulation tests were located at 
identical locations and maintained identical polarity as those used during the flight test. 
Reference is made to Figure 2.2 for a schematic of the instrumentation layout and to Table 2.5 
for a general description of the location of each transducer. 

2.5.3 Frequency Response Functions 

During the ground test simulations, the FRF’s required for the CRA were recorded 
directly using the reference signals described in Section 2.5.1. Approximately 400 sample 
averages were acquired in the frequency range out to 1 ,000 Hz. The bandwidth of the analysis 
was 2.5 Hz, the same as the in-flight database. The four cabin microphone FRF’s were placed 
into one of the columns of the [ P G ] matrix, defined in Equation 2.16. The four independent 
source simulations resulted in [ P G ] being a 4x4 matrix. Likewise, the FRF’s of the various 
aircraft response parameters were placed into a corresponding column of the [ P G ] matrix, as 
defined in Equation 2.15. The 27 aircraft response parameters for the four source simulations 
resulted in [ A G ] being a 27x4 matrix. The magnitudes of the FRF's were non-dimensional for 
the microphone responses due to airborne excitation and the units of the accelerometer FRF's 
were g's/(P/P re f). For shaker induced structure-borne noise transmission simulation, the units 
were g's/lbf. 

The FRF's for several response locations for the various noise source simulations are 
given in Figures 2.33 through 2.36. It is of interest to note the increased amp li hide of the 
firewall mounted microphone (EC 14) above the reference at selected tones for both the propeller 
and exhaust simulations, see Figures 2.33a and 2.34a. This may indicate a possible resonant 
buildup within the engine cowling. Similar levels of firewall acceleration (EC 13) are also 
present during these airborne source simulations. The firewall acceleration response is most 
pronounced for the engine airborne simulation, see Figure 2.35b, as should be expected with the 
source being very close to the firewall. FRF's generated during the direct structure-borne noise 
source simulation for the firewall and instalment panel are given in Figures 2.36a and 2.36b, 
respectively. As expected, the response levels per pound of shaker force are considerably higher 
than those generated by any one of the airborne source simulations. 

2.5.4 Improved CRA Procedures 

Brute Force Analysis 

In the following discussions, the "auxiliary responses" are defined as all the aircraft 
response parameters except for the four cabin microphones. A bnite force conditioned response 
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analysis approach would be to weigh all auxiliary responses equally and use a least squares 
solution to Equation 2.15 to solve the highly over-detemiined system of equations for an 
estimate of source simulation weight vector, { a }. The results of the brute force predictions 
versus measured in-flight cabin responses during Cruise at 75% Power are given in Table 2.17 
for all measured spectral tones above 80 dBA. The contributions from the propeller airborne 
vector are listed under "AB-Prop," the exhaust airborne under "AB-Exhst," the engine airborne 
under "AB-Eng," and the engine direct structure-borne under "SB-Eng." 

Several observations are made from the data in Table 2.17: 

1. hi general, the predictions are generally much higher than the measured in-flight 
levels, the only exception being the response at 400 Hz, which does not appear to be 
generated from any one of the simulated airborne or structure-borne noise sources. 

2. Airborne noise radiation appears to dominate the cabin interior response. The 
predicted structure-borne noise levels do not appear to be significant. 

3. The measured sound pressure level variation within the cabin for the 80 Hz 
propeller fundamental exhibits a possible modal behavior with the forward cabin 
responses being lower than the aft cabin. The predictions do not exhibit this trend. 

4. Source phasing appears to be very important, as can be seen by attempting to sum 
the individual source contributions to obtain the combined levels. 

It is to be noted that at an engine speed of 2,400 rpm, the propeller tones are multiples of 
80 Hz, the engine firing tones are multiples of 120 Hz, and the engine case radiation and 
associated structure-borne vibrations are multiples of 40 Hz. This is the reason for the zero 
contributions from the airborne propeller and airborne exhaust at several of the spectral tones. 

Primary and Secondary Auxiliary Response Parameters 

Many of the auxiliary response parameters recorded during flight will respond to several 
of the airborne and structure-borne noise sources. However, for a given source simulation, there 
is a set of auxiliary response parameters that are most sensitive to that simulated source and will 
be less sensitive to other potential sources. This set of auxiliary response parameters will be 
denoted as primary auxiliary response parameters. The remaining auxiliary response parameters 
are denoted as secondary. The selection of primary auxiliary response parameters for each of 
the source simulation vectors is as follows: 

1 . Airborne Propeller - The microphone on the aircraft exterior center windshield, 
AE1. Microphones on the pilot's and copilot's doors (AE2 and AE3) are considered 
secondary since exhaust noise may be present at these positions. 

2. Airborne Exhaust - The microphone directly downstream from the exhaust, AE4. 

3. Airborne Engine - The microphone mounted mid center on the firewall, EC 14. 
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4. Structure-borne Engine - Accelerometers mounted on the engine, namely EC1, 
EC2, and EC3. 

There are auxiliary parameters for a given source simulation vector that may be of no interest at 
all. For example: 

1. Airborne Propeller - The accelerometers on the engine, engine mount, etc., (EC1 
through EC11). The accelerometers are mounted on rather massive structure, which 
would be difficult to excite with an airborne noise source. The microphone 
downstream from the exhaust, AE4, may be dominated by engine exhaust and, 
therefore, not considered active. 

2. Airborne Exhaust - The accelerometers on the engine, engine mount, etc. 

3. Airborne Engine - The accelerometers on the engine, engine mount, etc. 

4. Structure-borne Engine - Microphones on the aircraft exterior (AE1 through 
AE4). The firewall microphone may be of interest due to secondary radiation. 

The selection of primary (P) and secondary (S) auxiliary response parameters for each of the 
simulation vectors is given in Table 2.18. Those auxiliary response parameters, which are 
considered to be of no interest for a given simulation vector are left blank. 

Predicted results using only the primary auxiliary response parameters were quite poor; 
however, including the secondary auxiliary response parameters resulted in a significant 
improvement in the predicted source trends, as can be seen by the results shown in Table 2.19. 
In the previous evaluation, the distribution of cabin noise levels at the 80 Hz tone resulted in 
nearly a uniform sound pressure level distribution or one with higher noise levels in the forward 
cabin (AC1 and AC2), while the measured results showed the aft cabin noise levels to be 
dominant. In the present analysis, using only the selected primary and secondary auxiliary 
parameters, the distribution of cabin noise levels exhibits much improved correlation. The cabin 
response at 400 Hz is still not well represented by any of the ground simulation vectors. 
Improved correlation with the measured in-flight cabin noise levels is important to gain 
confidence in making judgments on which noise source/path dominates a particular spectral 
response. 

Separation of Airborne and Structure-Borne Contributions 

While effects of engine induced structure-borne noise transmission on the cabin noise 
levels appears to be negligible, the contribution of SBN to other secondary response parameters 
used to estimate the levels of airborne noise transmission should be removed. This was 
accomplished by employing only the responses from the auxiliary accelerometers mounted on 
the engine, engine mounts, and support tmss, namely, EC1 through EC1 1 to estimate the level of 
SBN transmission. These locations represent the more massive components of the aircraft, 
which are likely to exhibit little or no response to airborne excitation. The effects of SBN 
transmission were then removed from all other auxiliary responses prior to estimating the 
airborne source contributions. Mathematically, we have: 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-14 




(2.18) 


{ a f Eci-n } = [ A GSB eci-ii ] { CCeci-ii }> 
where, { = a f Eci-n} - is the in-flight measured responses at EC1 through EC1 1 
[ A Eci-ii ] - is the structure-borne engine simulation vector (llxl), 
and { oCeci-ii } - the structure-borne source simulation weight. 

This being the case, we may then estimate the in-flight structure-borne noise components from 

{ PSB-Eng } = [ P°SB-Eng ] { CCeCI-11 }, (2.19) 

where, { “psB-Eng } - is an estimate of the in-flight structure-borne cabin response vector, 

[ P G sB-En g ] - is the cabin ground test response vector (4 x 1), consistent with 

{ otEci-n } and 

{ OCeci-ii } - is the structure-borne source simulation weight. 

The estimated responses at all other auxiliary parameter locations, denoted as AC-AE and 
consisting of AC5 through AC12, EC12 through EC14, and AE1 through AE5 are computed 
using the structure-borne source simulation weight: 

{ a f AC-AE/ECl-ll } = [ A GSB ac-ae ] { OCeci-ii } (2.20) 

where, { "a 1 ac-ae/eci-h) - is the estimated in-flight responses at AC-AE 

C SR 

[ A r ac-ae ] - is the structure-borne engine simulation vector (N x 1 ) at auxiliary 
locations AC-AE, 

and { CCeci-ii } - is the structure-borne source simulation weight. 

The engine structure-borne contributions are removed from the in-flight measured responses as: 

{ Sac-ae} = { a f } - { a f Ac-AE/Eci-ii }• (2.21) 

The airborne only simulation vectors are then used to estimate the cabin responses using 
the reduced set of auxiliary response parameters, AC-AE. Computing the contribution of engine 
structure-borne noise transmission independently and then removing the source from all 
remaining auxiliary response parameters resulted in the predictions given in Table 2.20. Here we 
see somewhat further reduced structure-borne noise levels as given by the responses under the 
heading "SB-Eng Removed.” The levels given under the heading "AB Combined" are for the 
airborne predictions only. The combined predictions for the propeller tones IP and 2P appear 
reasonable; however, the engine firing tone IF is overpredicted and the 5P tone remains low in 
the forward cabin. 

Independent Estimates From Like Parameter Sets 

The simulation results in Table 2.20 were encouraging. However, further evaluation of 
the sensitivity of certain individual parameters to the predicted results showed that the 
microphone auxiliary parameters were controlling the predicted responses and the 
accelerometers were not significant when included with the microphone auxiliaries, hi fact, 
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there appeared to be no contribution from the accelerometer responses in weighting the airborne 
simulation vectors. After detailed evaluation of the mathematics associated with the pseudo 
inverse used in the solution of the simulation weight vector, a, it was found that the relative 
magnitude scaling between the microphone responses and accelerometer responses introduced a 
very biased weighting towards the microphone auxiliary parameter responses. Recall that 
microphone responses were normalized with respect to the standard reference pressure, 2 xlO 5 
Pa, and the accelerometer responses with respect to gravity units, g=386 in/sec 2 . This resulted in 
orders of magnitude differences in the elements of the simulation vectors for the accelerometers 
when using a pressure reference. The pseudo inverse routine is basically a least squares solution 
technique, which results in virtually eliminating any contribution from the relatively small 
elements corresponding to accelerometer responses in the coefficient matrix, A . 

To circumvent this problem, the microphone and accelerometer auxiliary parameters for 
the airborne simulation vectors were separated and independent cabin response estimates were 
made using each of the auxiliary parameter sets. The results from these independent parameter 
estimates are given in Tables 2.21 and 2.22, respectively, for the microphone and accelerometer 
auxiliary parameters. In the tables, the in-flight levels and combined levels are highlighted under 
various tones to indicate acceptable analysis results. The major contributing airborne sources are 
in bold print. The tones at 80 Hz, 160 Hz, 400 Hz, and 480 Hz are best represented employing 
the external microphone auxiliary response parameters, as indicated in Table 2.21. The 120 and 
240 Hz tones are best represented by employing the accelerometer auxiliary response 
parameters, as indicated in Table 2.22. 

2.6 Combined CRA Analyses 

The combined analysis results employing the microphone and accelerometer auxiliary 
parameter sets are given in Table 2.23 and are used to identify the source/paths for the various 
spectral tones. The combination of airborne propeller and airborne engine noise at the 80 Hz 
tone is most interesting. The vector plots of the contributing sources at each cabin microphone is 
given in Figure 2.37. The vector plots show the source contributions in the forward cabin to be 
mainly out of phase and, therefore, destructively combining, while the aft cabin microphones are 
somewhat more in phase. Physically it appears that the propeller airborne noise radiation from 
the windshield and the engine airborne noise transmitted from the firewall destructively combine 
in the forward cabin. The propeller and engine airborne sources were analyzed independently 
and the results for the 80 Hz tone are given in Table 2.24. The independent sources resulted in 
higher noise levels in the forward cabin, a trend opposite to the measured data, yet when jointly 
employed, they predict the proper trends. 

Summary of CRA Procedure 

Based on the above evaluations, the procedure that is recommended for conditioned 
response analysis for noise source identification is as follows: 

1. Compute the engine induced structure-borne noise transmission contribution to 
interior noise using only those selected accelerometer auxiliary parameter 
measurements taken on the more massive airframe components, such as the engine, 
engine mounts, and support structure. 
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2. Remove the resulting engine induced structure-borne vibration responses from all 
other auxiliary parameter measurements. 

3. Separate the microphone and accelerometer auxiliary parameter sets to form two 
independent estimates for the airborne noise transmission. 

4. Select the results for a given tone from the independent parameter set which best 
match the amplitude distribution of the measured cabin noise levels. 

5. Combine the estimates from the independent analyses and identify the potential 
noise sources from the relative levels of the contributing sources. 

CRA Results for All Flight Conditions 

CRA analysis results for the remaining flight conditions are given in Tables 2.25 through 
2.28. In these tables, the contributions from the judged to be major sources are printed in bold 
numbers. A summary of the major airborne noise source contributions for all flight conditions is 
given in Table 2.29. The indicated sources appear to be consistent across the various flight 
conditions with few exceptions. It is to be noted that the cabin response levels at 400 Hz for the 
best rate of climb, normal rate of climb, and cruise descent flight conditions were not significant 
and, therefore, not included in the analysis summary of Table 2.29. 
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Table 2.1 Cessna Model 182E Dimensions. 


Dimensions, External: 


Wing span 

36 ft 2 in (11.02 m) 

Length Overall 

27 ft 4 in (8.33 m) 

Height Overall 

9 ft 0 in (2.74 m) 

Tailplane Span 

10 ft 10 in (3.30 m) 


Table 2.2 Aircraft Cabin Instrumentation Layout. 


Channel 

Type - Nomenclature 

Description 

1 

Microphone - AC1 

Reference Mic above pilot’s control column 

2 

Microphone -AC2 

Reference Mic above copilot’s control column 

3 

Microphone - AC3 

Reference Mic near right rear seat passenger’s head 

4 

Microphone -AC4 

Reference Mic near left rear seat passenger’s head 

5 

Accelerometer - AC5 

Instrument panel right side 

6 

Accelerometer - AC6 

Instrument panel left side 

7 

Accelerometer - AC7 

Windshield right side 

8 

Accelerometer - AC8 

Windshield left side 

9 

Accelerometer - AC9 

Pilot’s side window center 

10 

Accelerometer - AC1 0 

Copilot’s side window center 

11 

Accelerometer - AC1 1 

Right rear passenger’s window center 

12 

Accelerometer - AC1 2 

Left rear passenger’s window center 


Table 2.3 Engine Cowling Instrumentation Layout. 


Channel 

Type - Nomenclature 

Description 

13 

Accelerometer - EC1 

Engine axial vibration 

14 

Accelerometer - EC2 

Engine lateral vibration 

15 

Accelerometer - EC3 

Engine vertical vibration 

16 

Accelerometer - EC4 

Front engine mount engine side transverse 

17 

Accelerometer - EC5 

Front engine mount engine side axial 

18 

Accelerometer - EC6 

Engine truss lower left upper member axial 

19 

Accelerometer - EC7 

Engine truss lower left lower member axial 

20 

Accelerometer - EC8 

Front engine mount airframe side transverse 

21 

Accelerometer - EC9 

Front engine mount airframe side axial 

22 

Accelerometer - EC10 

Engine truss upper left member axial 

23 

Accelerometer - ECU 

Engine truss upper right member axial 

24 

Accelerometer - EC12 

Firewall normal acceleration - mid center 

25 

Accelerometer - EC13 

Firewall normal acceleration - upper center 

26 

Microphone - EC14 

Firewall sound pressure level - upper center 
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Table 2.4 Aircraft Exterior Instrumentation Layout. 


Channel 

Type - Nomenclature 

Description 

27 

Microphone -AE1 

Center windshield - pressure excitation 

28 

Microphone -AE2 

Pilot's door center - pressure excitation 

29 

Microphone -AE3 

Copilot's door center - pressure excitation 

30 

Microphone -AE4 

On fuselage downstream from engine exhaust 

31 

Accelerometer - AE5 

Fuselage vibration downstream from exhaust 


Table 2.5 Cessna Model 182E Overall Response Levels. 


Fliqht Test Condition - Overall Response out to 1 


AC5 


AC6 


AC7 


AC8 


AC9 


AC10 


AC 11 


AC12 



Description 


Reference Mic above pilot's control column 


Reference Mic above copilot's control 
column 


Reference Mic near right rear seat passenger's 
head 


Reference Mic near left rear seat passenger's 
head 


Instrument panel right side 


Instrument panel left side 


Windshield right side 


Windshield left side 


Pilot's side window center 


Copilot's side window center 


Right rear passenger's window center 


Left rear passenger's window center 


Engine axial vibration 


Engine lateral vibration 


Engine vertical vibration 


Front engine mount engine side transverse 


Front engine mount engine side axial 


Engine truss lower left upper member axial 


Engine truss lower left lower member axial 


Front engine mount airframe side transverse 


Front engine mount airframe side axial 


Engine truss upper left member axial 


Engine truss upper right member axial 


Firewall normal acceleration - mid center 


Firewall normal acceleration - upper center 


Engine SPL - firewall mid center 


Center windshield pressure excitation 


Pilot's door center pressure excitation 


Copilot's door center pressure excitation 


On fuselage downstream from engine exhaust 


Fuselage vibration downstream from exhaust 


NCL 


105. 3dB 
94.7dBA 


104. 8dB 
93.5dBA 


106.6dB 

92.4dBA 


105. 5dB 
90.8dBA 


0.46 


0.12 


0.49 


0.55 


0.86 


0.60 


0.46 


0.62 


1.75 


1.82 


1.64 


4.23 


3.64 


0.90 


0.80 


2.67 


2.15 


0.83 


0.66 


1.64 


133. 8dB 
122.8dBA 


132. 6dB 
116.1dBA 


129.9dB 

114.7dBA 


130. OdB 
112.7dBA 


134. 5dB 
122.4dBA 


BRC 


106.1 dB 
94.8dBA 


104. OdB 
93.4dBA 


106.2dB 
91 ,6dBA 


106.1 dB 
89.9dBA 


0.50 


0.11 


0.51 


0-55 


0-87 


0.40 


0.50 


0.68 


1 . 12 


1.45 


3.92 


3.04 


0.86 


0.82 


2.84 


2.22 


0.83 


0.67 


2.6 g rm 


1.65 


134. 7dB 
122.ldBA 


132. IdB 
114.5dBA 


129. OdB 
113.9dBA 


128.4dB 
111 ,2dBA 


134.2dB 
121 ,5dBA 


C65 


104. OdB 
92.ldBA 


103. 3dB 
91 ,3d BA 


106. 6dB 
91 .IdBA 


105. 3dB 
89.7dBA 


0.59 


0.13 


0.42 


0.53 


1.47 


0.67 


C75 


104. 5dB 
92.9dBA 


104. 7dB 
93.2dBA 


109. 5dB 
93. 2d BA 


108. 3dB 
91 .OdBA 


0.55 


0.13 


0.60 


0.43 



1.50 


132. 2dB 
122.7dBA 


132. 8dB 
1 16.5dBA 


13 1. IdB 
115.2dBA 


127. 4dB 
1 12.4dBA 


134. 8dB 
123. IdBA 


1.61 


131. 8dB 
122.3d BA 


133. OdB 
11 7. OdBA 


131. IdB 
I 15.6dB A 


127. 9dB 
113. IdBA 


134. 9dB 
123.2dBA 


,000 Hz 


DES 


103. 8dB 
91 ,9dBA 


103. 5dB 
90.9dBA 


106. 2dB 
90. OdBA 


104. 7dB 
90.1 dBA 


0.51 


0.11 


0.48 


0.46 


1.24 


0.67 


0.55 


0.74 


1.38 


1.79 


1.40 


3.92 


3.33 


0.73 


0.68 


2.52 


1.93 


0.84 


0.71 


1.42 


130. 3dB 
120.8dBA 


133. OdB 
1 18. OdBA 


130. 4dB 
11 6. OdBA 


129. 6dB 
113.8dBA 


134. 2dB 
122.9dBA 
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Table 2.6 75% Power Cruise - Response Levels at Engine Harmonics. 


Freq 

Tone 

AC1 

AC2 

AC3 

AC4 

AC5 

AC6 


AC8 

AC9 

AC10 

AC11 

AC12 

EC1 




Hz 

dBA 

dBA 

dBA 

dBA 

Qrms 

9rms 


Qrms 

9rms 

9rms 

9rms 

9rms 

9rms 




40 

IE 

58 8 

60 1 



0.036 

1139 

0 007 

0.010 









■aiM 

— 

69 9 

70.4 


1^ 

0 094 

msa 

0.214 







mmm 

0 160 



I 

wM&M 

78.1 


76,0 

0.118 

IIIIS1 

BUSH 


SBIffifil 

0,217 





0.103 


160 

2P 


828 

81 1 

79 5 

BSPS 



0 185 

EfllSB 

0.051 




0 064 

0.071 

0.195 

200 

5E 

73 1 

72 1 




0 005 


0 017 


0 017 

0 042 

0.110 

0 207 

0 074 

0 040 

0 105 


2F - 3P 

75 9 

69 5 

85.6 

75 4 

0 067 

o.ooa 

0 094 

0 080 

Bill 

0 128 

0 075 

0 118 

0 183 





7E 






0 005 

0 041 

C 023 


0 021 

0 042 

0 036 

0.146 

0 156 

CO 

LO 

o 

0 162 

320 

4P 

73.4 

69.0 

73.0 

67.1 

0.031 

0 003 

0 052 

0 051 

0.515 

O 

b 

cn 

o 

0 050 

0 049 

o 

b 

-F>- 

CD 

CO 

LO 

o 

o 

0.076 

0 059 

360 

3F 

65.3 

66 5 

66 3 

66 2 



0 024 

0 023 

0.032 

0 028 

mm 

O 

Nf 

o 

o 

00 

CO 

o 

o 

LO 

00 

o 

o 

0.119 

0.077 

ilSSif 

5P 

79 4 

80.5 

64 8 

66.4 

msi 

Hill 

0.017 

B 


0.027 

111111 

itlfll 

0.126 



ilia 

440 

1 1 E 


OH 

67 2 



IXEEI 

0 025 

0 028 

0 044 

0 021 

0 021 

0 021 

0 032 

0 055 

0 112 

0 116 

480 




72 2 

1 






0.040 

0.056 

0 030 

0.128 

0.026 

0 10 / 

o 089 


13E 

75.2 

75 2 

71 6 

72 8 

0.061 


EISEl 

0 061 

0 031 


0 031 


0 183 

trana 

spa 


560 

7P 

72.0 

72 5 

67 6 




0 016 

0 022 

0 029 

0 020 

0 022 

0 031 

0 112 

0 045 

0 056 

0 741 

600 

5F 

72 0 

76 3 

64 9 

64.4 

0.047 

0.002 

0 011 

0 024 

0 018 

0 015 

0 015 

0 014 

0 079 

0 053 

0 154 

1 103 

640 

8P 

66.2 

70.7 

64.8 

62.0 

0.014 


0.026 

0.033 

0.011 

0.011 

0.014 

0.021 

0.104 

0.063 

0.089 

0.239 

680 

17E 

64.2 

65.4 

63.6 

60.6 

0.016 

0.002 

0.008 

0.012 

0.011 

0.027 

0.011 

0.012 

0.087 

0.057 

0.139 

0.173 

720 

6F - 9P 

67.5 

66.0 

56.6 

58.5 

0.031 


0.023 

0.012 

0.023 

0.057 

0.019 

0.015 

0.101 

0.169 

0.200 

0.111 

760 

19E 

71.4 

68.2 

62.4 

56.7 

0.023 

0.003 

0.015 

0.011 

0.014 

0.021 

0.015 

0.012 

0.150 

0.178 

0.086 

0.047 

800 

10P 

70.4 

70.9 

66.2 

60.4 

0.018 


0.012 



0.016 

0.018 

0.010 

0.053 

0.083 

0.043 

0.104 


7F 

62.8 

75.0 

66.9 

60.7 

0.016 

0.003 

0.010 

0.010 

0.014 

0.012 

0.010 

0.009 

0.064 

0.152 

0.154 

0.115 

880 

IIP 

73.5 

74.2 

63.8 

62.3 

0.015 


0.007 

0.017 

0.005 

0.010 

0.013 

0.010 

0.103 

0.386 

0.114 

0.185 

920 

23E 

60.0 

72.7 

57.2 

55.7 

0.029 

0.004 

0.012 

0.013 

0.007 

0.008 

0.008 

0.008 

0.096 

0.221 

0.156 

0.136 

960 

8F - 12P 

67.7 

66.4 

55.7 

54.7 

0.026 

0.004 

0.013 

0.011 

0.012 

0.010 

0.008 

0.006 

0.027 

0.269 

0.073 

0.183 

1000 

25E 

72.5 

71.4 

60.7 

66.7 

0.015 

0.005 

0.010 

0.011 


0.007 

0.009 

0.007 

0.035 

0.336 

0.151 

0.105 

Overall 


92.9 

93.2 

93.2 

91.0 

0.550 



0.430 


0.770 

0.700 

0.850 

1.070 

1.890 

1.260 

4.100 
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Table 2.6 (continued) 75% Power Cruise - Response Levels at Engine Harmonics. 


Freq 

Tone 

EC5 

EC6 






EC12 

EC13 

EC14 

AE1 

AE2 

AE3 

AE4 

AE5 

Hz 


9rms 







9rms 

9 rms 

dBA 

dBA 

dBA 

dBA 

dBA 

9 rms 

40 

IE 

0.152 



0 071 


0 012 

0 013 

0 030 

0 068 




74 1 

75.0 

0 003 

80 

IP 

0 242 



0 348 


0 077 

0 010 

0 160 

0.147 

98 9 



98 3 


0.028 

120 

IF 

0 051 



0728 


M3M?§ 

0 022 

0,055 

Pilfgl 

108.7 




1144 

0,018 

1 60 

2P 

0 044 



0 342 

0,196 


be m 

0,117 


105.7 



wmm 

99.5 

wmm 

200 

5E 

0 042 






0 012 

0 188 

0 118 

87 2 

97 1 

93 4 

89 9 

99 0 

0 013 

mmm 

2F-3P 

1 

mmm. 


| 


mmm 

mmm 

0 433 

0 209 

99 9 

101.5 

96 9 

97 5 

99 4 

0 018 


7E 

0 144 

0 017 

0 019 

0 147 

0 031 

0 130 

0 077 

0 254 

0 072 

87 5 

95 8 

91.5 

89 4 

98 7 

0 020 

320 

4P 

0 054 

0 013 

0 021 

00 

o 

d 

0 059 

0 027 

0 010 

0 240 

0 079 

94 5 

100.7 

95 3 

91 4 

101.2 

0 019 

360 

3F 

CM 

CM 

O 

o 

0.025 



0 095 


0 022 

0 173 

0 048 



19 

88 7 

106.9 

0.026 

MEM 

5P 

0 047 


be m 


0.102 

MHIS1 

wm 

0.172 

0.037 



Eli 

96 4 


mmm 

440 

1 1 E 

0 092 

0 031 

0.016 

0 098 

0 168 

0 062 

0 024 

0 334 


12 

91.5 

89 0 




480 








mm 


BSife Mm 


93 6 

90 9 

91 4 

98 9 

0 155 

620 

13E 

0414 

0,267 

0.203 

jpcmi 

wmiwm 


0211 

1.332 

0.159 

101,1 

90.9 

89 2 

86 7 

97 8 

(HSil 

560 

7P 

0 372 

0 074 

0 039 

0 258 

0 092 

0 104 

0 047 

0 152 

0 102 

99 3 

90 1 

89.0 

86 3 

97 3 

0 056 

600 

5F 

0 689 

0 124 

0.105 

0 551 

0 363 


0 065 

0 047 

0 220 

95 6 

90 7 

88 8 

86 2 

98 2 

0 072 

640 

8P 

0.168 

0.037 

0.028 

0.152 

0.104 

0 051 

0.041 

Ejiisiifl 

0.084 

96.3 

88.5 

89.1 

86.8 

96.9 


680 

17E 

0.349 

0.019 

0.014 

0.046 

0.132 

0.027 

0.029 

0.140 

0.136 

100.4 

87.8 

87.9 

84.8 

96.0 

0.035 

720 

6F-9P 

0.328 

0.015 

0.032 

0.089 

0.119 

0.024 

0.042 

0.113 

0.055 

104.0 

86.9 

89.1 

84.6 

95.7 

0.025 

760 

19E 

0.233 

0.052 

0.021 

CO 

03 

o 

d 

0.176 


0.017 

0.179 

0.072 

99.5 

86.4 

88.0 

83.9 

95.6 

0.030 

800 

10P 

0.178 

0.031 

0.035 

0.096 

o 

o 

co 

0.011 


0.095 

0.067 

95.1 

85.3 

88.2 

83.9 

94.8 

0.024 


7F 

0.242 

0.047 

0.016 

0.327 

o 

42*. 

N> 

0.050 

0.023 

0.077 

0.081 

99.3 

85.3 

87.6 

83.1 

94.3 

0.020 

880 

IIP 

0.244 

0.042 

0.048 

0.055 

0.053 

0.051 

0.023 

0.121 

0.068 

96.1 

84.3 

86.9 

81.5 

94.0 

0.026 

920 

23E 

0.246 

0.029 

0.021 

0.103 

0.059 

0.100 

0.104 

0.083 

0.069 

95.8 

83.7 

86.2 

81.2 

93.2 

0.022 

960 

8F-12P 

0.158 

0.022 

0.012 

0.090 

0.051 




0.079 

102.8 

83.3 

87.1 

81.8 

92.8 

0.019 

1000 

25E 

0.188 

0.005 

0.006 

0.044 

0.033 




0.071 

104.2 

83.0 

85.4 

78.6 

92.6 

0.021 

Overall 


3.130 

0.840 

0.730 

2.590 

2.030 




1.610 

122.3 

117.0 

115.6 

113.1 

123.2 

0.600 
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Table 2.7 Normal Climb - Normalized Singular Values at Engine Harmonics. 



General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-22 































Table 2.8 Best Rate of Climb - Normalized Singular Values at Engine Harmonics. 
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Table 2.9 65% Power Cruise - Normalized Singular Values at Engine Harmonics. 
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Table 2.10 75% Power Cruise - Normalized Singular Values at Engine Harmonics. 
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Table 2.1 1 Cruise Descent - Normalized Singular Values at Engine Harmonics. 
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Table 2.12 Normal Climb (500 fpm) - Singular Vector Contributions for Selected Engine Harmonics. 



Reference SPL @ Pilot's Position - AC1 

Frequency/Harmonic/Eigenvector 

73.1 dB A 

79.2dBA 

84.6dBA 

71.2dBA 

80.5dBA 

75.8dBA 

77.2dBA 

72.9dBA 

Loc. 

Description 

80/1 P/1 

120/1F/1 

160/2P/1 

200/5 E/1 

240/2 F- 3 P/1 

400/5 P/1 

480/4F-6P/1 

520/1 3E/1 

AC5 

Dash face rig ht side 

0.071 

0.121 

0.028 

0.062 

0.065 

0.022 

0.001 

0.031 

SSgjgjH 

Dash face left side 

0.048 

0.001 

0.006 

0.004 

0.005 

0.002 

0.002 

0.002 


Windshield right side 

0.262 

0.077 

0.098 

0.017 

0.073 

0.029 

0.028 

0.043 


Windshield left side 

0.258 

0.028 

0.199 

0.010 

0.097 

0.035 

0.028 

0.034 


Pilot's side window center 


0.059 

0.061 

0.010 

0.061 

0.028 

0.012 

0.007 

AC10 

Copilot's side window center 


0.264 

0.016 

0.007 

0.060 

0.009 

0.019 

0.014 

1MM 

Right rear passenger's window center 

0.076 

0.165 

0.049 

0.012 

0.102 

0.044 

0.033 

0.025 

AC12 

Left rear passenger's window center 

0,466 

0.008 

0.114 

0013 

0.077 

0.014 

0.017 

0.009 

EC1 

Engine axial vibration 

0 292 

0.185 

0.071 

!!£§ 

0.247 

m m 

0.081 

0.177 

EC2 

Engine lateral vibration 

0. 232 

0.083 

0.054 

0 109 

0.119 

0.030 

0.005 

0.085 

EC3 

Engine vertical vibration 

0.189 

0.168 

0.078 

0.034 

0.115 

0.044 

0.066 

0.072 

EC4 

Front engine mount engine side transverse 

0.231 

0.249 

0:269 

0.109 

0.185 

0.064 

0.026 

0.170 


Front engine mount engine side axial 

0.308 

0.097 

0.125 

0.074 

0.122 

0.029 

0.081 

0:326 

EC6 

Engine truss lower left upper member axial 

0.096 

0.087 

0.067 

0.041 

0.101 

0.012 

0.097 

0.266 

EC7 

Engine truss lower left lower member axial 

0.012 

0 046 

0.033 

0.052 

0.080 

0.005 

0.122 

0.204 

EC8 

Front engine mount airframe side transverse 

0 395 

1 153 

0.368 

0.236 

mm 


0.026 

0.068 

0.100 

EC9 

Front engine mount airframe side axial 

0.104 

0096 

0.213 

0.032 

0.027 

0 083 

C.3C8 

— 

EC10 

Engine truss upper left member axial 

0.077 

0.020 

0.057 

0.026 

0.110 

0.042 

0.073 

0.151 

EC11 

Engine truss upper right member axial 

0.039 

0.037 

0.040 

0 020 

0 043 

0.051 

0 028 

0 131 

M38BM 

Firewall normal acceleration - mid center 

0.325 

0.035 

mm 

0.198 

0474 


0 246 

0.857 


Firewall normal acceleration - upper center 

0159 

0.773 

0.167 

0 065 

0 158 

0.018 

0 213 

0 110 

EC14 

Engine SPL - firewall mid center 

1263 

mm 

100.8 

1001. 

79.6 

n 

■ 

107.8 

953 

AE1 

Center windshield pressure excitation 

128.4 

114.0 

mm 

100 6 

99.6 

89.1 

68 7 

67 8 


Pilots door center pressure excitation 

123 3 

113.1 

110.8 

85 7 

98.1 

91.3 

76.9 

74.5 

mi*w£ 

Copilots door center pressure excitation 

123.0 

118.3 

100.9 

81 9 

101 1 

100.0 

93.0 

75.3 

AE4 

On fuselage downstream from engine exhaust 

119.7 

mm 

108.3 

SM 

nil 

89.7 

90.2 

77.3 

AE5 

Fuselage vibration downstream from exhaust 

0.032 

0.026 

0.010 

0.004 

0 018 

0.027 

0.066 

0.034 
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Table 2.13 Best Rate of Climb - Singular Vector Contributions for Selected Engine Harmonics. 



Reference SPL @ Pilot's Position - AC1 

Frequency/Harmonic/Eigenvector 

78.2dBA 

79.4dBA 

82.1dBA 

68.6dBA 

79.8dBA 

73.4dBA 

82.0dBA 

76.5dBA 

Loc. 

Descriptio n 

80/1 P/1 

120/1F/1 

160/2P/1 

200/5 E/1 

240/2 F- 3 P/1 

400/5 P/1 

480/4F-6P/1 

520/1 3E/1 

AC5 

Dash face rig ht side 

0.247 

0.138 

0.030 

0.072 

0.043 

0.005 

0.013 

0.045 

SSgjgjH 

Dash face left side 

0.041 

0.006 

0.008 

0.005 

0.004 

0.002 

0.001 

0.003 


Windshield right side 

0.289 

0.041 

®2M 

0.010 

0.044 

0.012 

0.016 

0.065 


Windshield left side 

0.299 

0.070 

0.191 

0.017 

0.086 

0.015 

0.016 

0.060 


Pilot's side window center 

0.768 

0.061 

0.016 

0.013 

0.066 

0.013 

0.004 

0.011 

AC10 

Copilot's side window center 

0.138 

0.249 

0.050 

0.006 

0.041 

0.009 

0.028 

0.006 

1MM 

Right rear passenger's window center 

0.312 

0.161 

0.055 

0.019 

0.120 

0.040 

0.031 

0.037 

AC12 

Left rear passenger's window center 

0,592 

0.021 

0.111 

0014 

0.075 

0.011 

0.021 

0.005 

EC1 

Engine axial vibration 

0 306 

0.201 

0.061 

0.198 

0.237 

0.031 

0.048 

0.289 

EC2 

Engine lateral vibration 

0.247 

0.078 

0.032 

0 112 

0.113 

0.011 

0.001 

0.133 

EC3 

Engine vertical vibration 

0.232 

0.178 

0.032 

0.030 

0.114 

0.013 

0.037 

0.105 

EC4 

Front engine mount engine side transverse 

0.299 

0.272 

0.133 

0.127 

0.181 

0.026 

0.043 

0.300 


Front engine mount engine side axial 

0.335 

0.140 

0.041 

0.072 

0.109 

0.010 

0.038 

0.391 

EC6 

Engine truss lower left upper member axial 

0.072 

0.084 

0.036 

0.046 

0.104 

0.007 

0.052 

0.373 

EC7 

Engine truss lower left lower member axial 

0 015 

0.053 

0.011 

0 059 

0 089 

0.002 

0.075 

0.329 

EC8 

Front engine mount airframe side transverse 

0.473 


1.8® 

0249 

0.243 

0.448 

0.010 

0.044 

0.215 

EC9 

Front engine mount airframe side axial 

0 090 

0.097 

mm 

0025 

0 038 

0.028 

0-206 

— 

EC10 

Engine truss upper left member axial 

0.074 

0.044 

0.032 

0.031 

0.108 

0.012 

0.047 

0.264 

EC11 

Engine truss upper right member axial 

0 046 

0.056 

0.038 

0.018 

0 045 

0.023 

0 023 

0.157 

M38BM 

Firewall normal acceleration - mid center 

0.515 

0.178 

0.133 

mm 

0.459 

HI 

mm 



Firewall normal acceleration - upper center 

0124 

0 936 

0.100 

0.105 

0.220 

0.012 

0 112 

0.233 

EC14 

Engine SPL - firewall mid center 

131.1 

126.7 


116.8 

96.6 

100 8 

!K9 

1038 


AE1 

Center windshield pressure excitation 

129.3 

112.7 

110.8 

102.9 

103 8 

87.6 

81 3 

71.7 


Pilots door center pressure excitation 

124 1 

113.5 

110.4 

87.8 

105 3 


96.3 

86.3 

mi*w£ 

Copilots door center pressure excitation 

123.6 

119.5 

110.4 

86 9 

1045 


91.3 

72.0 

AE4 

On fuselage downstream from engine exhaust 

120.6 

III 

107.7 

iin 

1SS1 


84.9 

87.4 

AE5 

Fuselage vibration downstream from exhaust 

0.038 

0.052 

0.029 

0 009 

0 033 

0.022 

0.030 

0.037 
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Table 2.14 65% Power Cruise - Singular Vector Contributions for Selected Engine Harmonics. 



Reference SPL @ Pilot's Position - AC1 

Frequency/Harmonic/Eigenvector 

69.5dBA 

79.7dBA 

79.7dBA 

73.4dBA 

78.9dBA 

77.1dBA 

79.5dBA 

70.3dBA 

Loc. 

Description 

80/1 P/1 

120/1F/1 

160/2P/1 

200/5 E/1 

240/2 F- 3 P/1 

400/5 P/1 

480/4F-6P/1 

520/1 3E/1 

AC5 

Dash face rig ht side 

0.288 

0.129 

0.092 

0.061 

0.026 

0.019 

0.021 

0.026 

SSgjgjH 

Dash face left side 

0.064 

0.008 

0.006 

0.001 

0.012 

0.007 

0.004 

0.002 


Windshield right side 

0.226 

0.049 

0.155 

0.028 

0.137 

0.017 

0.042 

0.061 


Windshield left side 

0.169 

0.058 

mm 

0.024 

0.085 

0.041 

0.038 

0.055 


Pilot's side window center 

15202 

0.058 

0.077 

0.107 

0.079 

0.009 

0.012 

0.022 

AC10 

Copilot's side window center 

0.497 

0.292 

0.086 

0.014 

0.099 

0.024 

0.030 

0.027 

1MM 

Right rear passenger's window center 

0,501 

0.176 

0.084 

0.031 

0.108 

0.067 

0.060 

0.022 

AC12 

Left rear passenger's window center 

G$&5 

0.011 

0.062 

0073 

0.046 

0012 

0.040 

0.018 

EC1 

Engine axial vibration 

0 265 

0.156 

0.100 

0.200 

0.219 

llll 

0.148 

0.160 

EC2 

Engine lateral vibration 

0.216 

0.071 

0.077 

0077 

0.091 

0 034 

0.024 

0.065 

EC3 

Engine vertical vibration 

0.195 

0.125 

0.085 

0.042 

0.097 

0.065 

0.114 

0.094 

EC4 

Front engine mount engine side transverse 

0.270 

0.202 

0:235 

0.109 

0.175 

0.038 

0.082 

0.259 


Front engine mount engine side axial 

0.293 

0.059 

0.052 

0.042 

0.119 

0.049 

0.169 

mm 

EC6 

Engine truss lower left upper member axial 

0.108 

0.073 

0.065 

0.040 

0.056 

0.020 

0.208 

0.295 

EC7 

Engine truss lower left lower member axial 

0 024 

0037 

0.022 

0 061 

0 059 

0.006 

0.258 

0.225 

EC8 

Front engine mount airframe side transverse 

0424 

0.869 

'mm 

0.279 

0,388 

0.039 

0.168 

0.097 

EC9 

Front engine mount airframe side axial 

0.114 

0079 

0:235 

0053 

0 009 

mm 

0.721 

0 428 

EC10 

Engine truss upper left member axial 

0.094 

0.022 

0.073 

0.026 

0.062 

0.042 

0.186 

0.283 

EC11 

Engine truss upper right member axial 

0.004 

0.023 

0.060 

0.015 

0 066 

0.059 

0 060 

0213 

M38BM 

Firewall normal acceleration - mid center 

0.222 

0.045 

0.095 

Qi290 

0.514 

1 

wm 

1396 

1.177 


Firewall normal acceleration - upper center 

0169 

mm 

0.300 

0.095 

0 263 

0.088 

0 273 

0.152 

EC14 

Engine SPL - firewall mid center 

125.0 

127.6 


118? 

97.9 

1061 

■Bi 

■ 

111 

981 

AE1 

Center windshield pressure excitation 

131.0 

112.4 

114.1 

100.4 

m 

96.4 

95 9 

81 2 


Pilots door center pressure excitation 

1270 

112.0 

108.7 

90.8 

100.7 

94.3 

91.1 

84.2 

mi*w£ 

Copilots door center pressure excitation 

1198 

118.8 

105.8 

83.5 

87 5 

97.7 

88.3 

65.5 

AE4 

On fuselage downstream from engine exhaust 

118.1 

M Mr 

111.5 


llll 

100.1 

iKUlK! 

89.8 

AE5 

Fuselage vibration downstream from exhaust 

0.030 

0.013 

0.031 

0.010 

0.032 

0.028 

0.126 

0.014 
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Table 2.15 75% Power Cruise - Singular Vector Contributions for Selected Engine Harmonics. 



Reference SPL @ Pilot's Position - AC1 

Frequency/Harmonic/Eigenvector 

69.9dBA 

80.4dBA 

76.2dBA 

73.1 dBA 

75.9dBA 

79.4dBA 

82.8dBA 

75.2dBA 

Loc. 

Description 

80/1 P/1 

120/1F/1 

160/2P/1 

200/5E/1 

240/2 F- 3 P/1 

400/5 P/1 

480/4F-6P/1 

520/1 3E/1 

AC5 

Dash face rig ht side 

0.111 

0.143 

0.105 

0.122 

0.078 

0.012 

0.008 

0.061 

SSgjgjH 

Dash face left side 

0.074 

0.005 

0.007 

0.005 

0.010 

0.001 

0.003 

0.002 


Windshield right side 

0.260 

0.070 

mm 

0.069 

0.106 

0.012 

0.021 

0.091 


Windshield left side 

0.156 

0.041 

0.201 

0.014 

0.095 

0.048 

0.060 

0.069 


Pilot's side window center 

1.370 

0.098 

0.057 

mm 



0.019 

0.051 

0.030 

AC10 

Copilot's side window center 

0.819 

0.265 

0.055 

0.014 

0.145 

0.030 

0.039 

0.060 

1MM 

Right rear passenger's window center 

0,521 

0.147 

0.087 

0.041 

0.082 

0.049 

0.062 

0.033 

AC12 

Left rear passenger's window center 

0,693 

0.032 

0.045 

0.110 

0.133 

0.002 

0.012 

0.018 

EC1 

Engine axial vibration 

0 263 

0.180 

0.116 

ilia 

0.220 

mm 

0.128 

0.212 

EC2 

Engine lateral vibration 

0.205 

0.105 

0.087 

0.086 

0.093 

0.042 

0.042 

0.105 

EC3 

Engine vertical vibration 

0.193 

0.142 

0.096 

0.050 

0.132 

0.059 

0.088 

0.109 

EC4 

Front engine mount engine side transverse 

0.268 

0.223 

0.260 

0.099 

0.216 

0.069 

0.054 

0 335 


Front engine mount engine side axial 

0.277 

0.051 

0.054 

0.063 

0.123 

0.050 

0.102 

0.583 

EC6 

Engine truss lower left upper member axial 

0.105 

0.071 

0.064 

0.054 

0.082 

0.009 

0.172 

0.473 

EC7 

Engine truss lower left lower member axial 

0 023 

0.038 

0.025 

0.055 

0 079 

0.017 


0341 

EC8 

Front engine mount airframe side transverse 

0433 

0.856 

0.493 

0.229 

0488 

0.055 

0.170 

0.188 

EC9 

Front engine mount airframe side axial 

0.106 

0.082 

0.283 

0.031 

0 036 

ill! 

— B 


EC10 

Engine truss upper left member axial 

0.095 

0.013 

0.083 

0.028 

0.073 

0.032 

0.183 

0.384 

EC11 

Engine truss upper right member axial 

0.011 

0.027 

0.068 

0.013 

0 054 

0.092 

0 065 

0.245 

M38BM 

Firewall normal acceleration - mid center 

0.193 

0059 

0.119 

mm 

0.519 

0.062 

0 262 



Firewall normal acceleration - upper center 

0.178 

0 666 

0 366 

0.125 

0,252 

0.018 

0 319 

0.152 

EC14 

Engine SPL - firewall mid center 

1227 

mm 

1205 

93 7 

1111 

§§i§ 

III 

mm 

AE1 

Center windshield pressure excitation 

131.6 

111 5 

1127 

1072 

111,1 

94.7 

95 8 

87.9 


Pilots door center pressure excitation 

mm 

108.9 

101.7 

100 1 

1041 

95.1 

91.4 

83.2 

mi*w£ 

Copilots door center pressure excitation 

122 3 

1177 

104.5 

95 5 

107.7 

102.3 

94.4 

62.9 

AE4 

On fuselage downstream from engine exhaust 

118.9 

132 ,® 

111.6 

107.0 

106.8 

97.0 

98.3 

88.4 

AE5 

Fuselage vibration downstream from exhaust 

0.034 

0021 

0.026 

0.012 

0.020 

0.021 

0.155 

0.046 
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Table 2.16 Cruise Descent - Singular Vector Contributions for Selected Engine Harmonics. 



Reference SPL @ Pilot's Position - AC1 

Frequency/Harmonic/Eigenvector | 

67.4dBA 

80.1dBA 

76.2dBA 

70.0dBA 

78.7dBA 

74.7dBA 

78.7dBA 

75.9dBA 

Loc. 

Description 

80/1 P/1 

120/1F/1 

160/2P/1 

200/5 E/1 

240/2 F- 3 P/1 

400/5 P/1 

480/4F-6P/1 

520/1 3E/1 

AC5 

Dash face rig ht side 

0.075 

0.164 

0.062 

0.143 

0.086 

0.025 

0.009 

0.028 


Dash face left side 

0.005 

0.005 

0.002 

0.004 

0.007 

0.002 

0.004 

0.001 


Windshield right side 

0.201 

0.041 

0,277 

0.048 

0.046 

0.010 

0.080 

0.065 


Windshield left side 

0.157 

0.060 

0267 

0.038 

0.063 

0.044 

0.011 

0.038 


Pilot's side window center 

0,953 

0.062 

0.096 

0.103 

0.170 

0.025 

0.005 

0.010 

| AC10 | 

Copilot's side window center 

0.487 

0.251 

0.092 

0.021 

0.136 

0.013 

0.043 

0.021 

1MM 

Right rear passenger's window center 

0 227 

0.221 

0.057 

0.016 

0.061 

0.020 

0.028 

0.029 

AC12 

Left rear passenger's window center 

0,552 

0.036 

0.077 

0.089 

0.086 

0.024 

0.041 

0.018 

EC1 

Engine axial vibration 

0 238 

0.125 

0.088 

0.172 

0.193 

0.090 

0.135 

0.162 

EC2 

Engine lateral vibration 

0.215 

0.072 

0.064 

0.085 

0.080 

0.041 

0.023 

0.057 

EC3 

Engine vertical vibration 

0.214 

0.107 

0.090 

0.025 

0.081 

0.053 

0.086 

0.124 

EC4 

Front engine mount engine side transverse 

0.258 

0.176 

0:234 

0.157 

0.159 

0.024 

0.091 

0.234 


Front engine mount engine side axial 

0.252 

0.047 

0.086 

0.055 

0.142 

0.022 

0.138 

0 426 

EC6 

Engine truss lower left upper member axial 

0.040 

0019 

0.021 

0.038 

0.081 

0.014 

0.168 

0.237 

EC7 

Engine truss lower left lower member axial 

0 029 

0037 

0.010 

0.068 

0 068 

0.010 

0.214 

0.221 

EC8 

Front engine mount airframe side transverse 

0412 

0703 

0.394 

0.332 

0,387 

0.020 

0.162 

0.178 

EC9 

Front engine mount airframe side axial 

0.128 

0068 

0.241 

0.064 

0018 

0.077 

as« 

■HHH 

EC10 

Engine truss upper left member axial 

0.011 

0.007 

0.061 

0.023 

0.085 

0.048 

0.201 

0.326 

EC11 

Engine truss upper right member axial 

0.049 

0 011 

0.045 

0.026 

0.004 

0.029 

0.072 

0231 

M38BM 

Firewall normal acceleration - mid center 

0.141 

0,411 

0.116 

0.093 

0.168 


HUH 



Firewall normal acceleration - upper center 

0.010 

0.579 

0.043 

0.054 

0.128 

0.062 

0.230 | 

0.420 

EC14 

Engine SPL - firewall mid center 

118.5 

126 2 

1173 

96.9 

104.4 

mm 

if 

92.0 

AE1 

Center windshield pressure excitation 

130.9 

999 

117,8 

103.2 

110.0 

mzrm 

94.6 

90.7 


Pilots door center pressure excitation 

1246 

105.9 

112.6 

99.3 

87.6 

92.8 

86.1 

87.1 

mi*w£ 

Copilots door center pressure excitation 

125.0 

117.1 

106.4 

98.1 

100.1 

90.1 

79.6 

44.9 

AE4 

On fuselage downstream from engine exhaust 

124.3 

liii 

mm 

ill 

122,0 

■IIE 


98.2 


AE5 

Fuselage vibration downstream from exhaust 

0.009 

0.024 

0.019 

0.002 

0.015 

0.035 

0.089 

0.009 | 
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Table 2.17 Brute Force CRA Analysis - All Auxiliary Parameters Active 

Cruise at 75% Power. 




In-Flight 


Predicted Response: 

> - dBA 


Tone 

Sensor 

Levels 

dBA 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Contribution 


AC1 

69.9 

80.0 

88.3 

0 

87.4 

78.4 

80Hz 

AC2 

70.4 

80.2 

86.4 

0 

88.0 

79.9 

IP 

AC3 

83.3 

80.3 

84.3 

0 

80.2 

76 


AC4 

82.6 

75.6 

81.8 

0 

79.9 

80.8 


AC1 

80.4 

94.7 

0 

90.8 

97.7 

70.8 

120 Hz 

AC2 

78.1 

95.7 

0 

90.9 

97.8 

75.6 

IF 

AC3 

81.9 

95.0 

0 

96.4 

91.6 

73.7 


AC4 

76.0 

93.8 

0 

85.5 

91.0 

68.4 


AC1 

76.2 

80.8 

60.3 

0 

82.1 

59.9 

160 Hz 

AC2 

82.8 

72.0 

65.5 

0 

73.5 

54.2 

2P 

AC3 

81.1 

81.1 

68.3 

0 

83.1 

56.7 


AC4 

79.5 

78.3 

69.9 

0 

76.1 

56.7 


AC1 

75.9 

85.3 

77.1 

65.6 

87.0 

67.9 

240 Hz 

AC2 

69.5 

83.0 

74.7 

58.1 

82.6 

67.1 

2F-3P 

AC3 

85.6 

86.3 

85.3 

62.2 

79.3 

71.2 


AC4 

75.4 

85.5 

86.0 

61.4 

78.0 

77.5 


AC1 

79.4 

68.7 

60.7 

0 

69.4 

40.2 

400 Hz 

AC2 

80.5 

39.8 

52.1 

0 

54.1 

59.3 

5P 

AC3 

64.8 

69.0 

63.2 

0 

64.7 

47.3 


AC4 

66.4 

70.1 

41.5 

0 

67.8 

59.8 


AC1 

82.8 

80.4 

70.3 

61.1 

77.0 

57.2 

480 Hz 

AC2 

81.1 

85.8 

51.3 

58.6 

85.7 

55.5 

4F-6P 

AC3 

72.2 

81.9 

60.0 

65.6 

79.2 

56.4 


AC4 

74.8 

67.2 

63.3 

62.9 

70.6 

52.3 
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Table 2.18 Primary and Secondary Auxiliary Response Parameter Selection. 


Reference Signal 


AB 

Exhst 


SB Eng 


Loc. 

Description 

AC5 

Dash face right side 

AC6 

Dash face left side 

AC7 

Windshield right side 

AC8 

Windshield left side 

AC9 

Pilot's side window center 

AC10 

Copilot's side window center 

AC 11 

Right rear passenger's window center 

AC12 

Left rear passenger's window center 

EC1 

Engine axial vibration 

EC2 

Engine lateral vibration 

EC3 

Engine vertical vibration 

EC4 

Front engine mount engine side transverse 

EC5 

Front engine mount engine side axial 

EC6 

Engine truss lower left upper member axial 

EC7 

Engine truss lower left lower member axial 

EC8 

Front engine mount airframe side 
transverse 

EC9 

Front engine mount airframe side axial 

EC10 

Engine truss upper left member axial 

ECU 

Engine truss upper right member axial 

EC12 

Firewall normal acceleration - mid center 

EC 13 

Firewall normal acceleration - upper center 

EC14 

Engine SPL - firewall mid center 

AE1 

Center windshield pressure excitation 

AE2 

Pilots door center pressure excitation 

AE3 

Copilots door center pressure excitation 

AE4 

Fuselage pressure downstream from 
exhaust 

AE5 

Fuselage vibration downstream from 
exhaust 
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Table 2.19 CRA Analysis - Primary and Secondary Auxiliary Parameters Active 

Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 

Predicted Responses - dBA 

AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

69.9 

72.4 

92.3 

0 

91.2 

65.4 

80Hz 

AC2 

70.4 

76.6 

90.5 

0 

91.9 

66.9 

IP 

AC3 

83.3 

88.0 

88.3 

0 

84.1 

63.0 


AC4 

82.6 

78.2 

85.8 

0 

83.8 

67.8 


AC1 

80.4 

95.2 

0 

90.8 

97.7 

54.1 

120 Hz 

AC2 

78.1 

96.6 

0 

90.9 

97.8 

58.9 

IF 

AC3 

81.9 

95.2 

0 

96.4 

91.6 

57.0 


AC4 

76.0 

94.1 

0 

85.5 

91.0 

51.8 


AC1 

76.2 

81.8 

62.3 

0 

82.6 

50.1 

160 Hz 

AC2 

82.8 

72.1 

67.4 

0 

74.0 

44.5 

2P 

AC3 

81.1 

81.6 

70.2 

0 

83.5 

46.9 


AC4 

79.5 

79.8 

71.9 

0 

76.6 

46.9 


AC1 

75.9 

87.0 

77.3 

71.0 

86.8 

56.6 

240 Hz 

AC2 

69.5 

83.6 

74.9 

63.5 

82.5 

55.8 

2F-3P 

AC3 

85.6 

88.0 

85.5 

67.6 

79.2 

59.8 


AC4 

75.4 

81.1 

86.1 

66.8 

77.9 

66.1 


AC1 

79.4 

68.1 

57.2 

0 

69.2 

28.7 

400 Hz 

AC2 

80.5 

56.5 

48.6 

0 

53.9 

47.8 

5P 

AC3 

64.8 

67.4 

59.7 

0 

64.5 

35.8 


AC4 

66.4 

68.4 

38.1 

0 

67.7 

48.3 


AC1 

82.8 

80.9 

71.9 

55.6 

77.0 

46.4 

480 Hz 

AC2 

81.1 

85.8 

52.9 

53.0 

85.7 

44.6 

4F-6P 

AC3 

72.2 

81.0 

61.6 

60.1 

79.2 

45.6 


AC4 

74.8 

70.3 

64.9 

57.4 

70.6 

41.5 
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Table 2.20 CRA Analysis - Structure-Borne Components Removed 

Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

6S9 

74.6 

92.3 

0 

91.2 

58.3 

80Hz 

AC2 

70 4 

77.1 

90.5 

0 

91.9 

59.8 

IP 

AC3 

83 3 

88.5 

88.3 

0 

84.1 

55.8 


AC4 

82.6 

80 5 

85.8 

0 

83.8 

60.7 


AC1 

80.4 

95.2 

0 

90.8 

97.7 

61.7 

120 Hz 

AC2 

78.1 

96.5 

0 

90.9 

97.8 

66.4 

IF 

AC3 

81.9 

95.2 

0 

96.4 

91.6 

64.5 


AC4 

76.0 

94.0 

0 

85.5 

91.0 

59.3 


AC1 

76.2 

81.9 

62.3 

0 

82.6 

48.1 

160 Hz 

AC2 

82.8 

71.8 

67.4 

0 

74.0 

42.4 

2P 

AC3 

81 1 

81.5 

70.2 

0 

83.5 

44.8 


AC4 

79,5 

80.0 

71.9 

0 

76.6 

44.8 


AC1 

75.9 

87.2 

77.3 

71.0 

86.8 

42.5 

240 Hz 

AC2 

69.5 

83.7 

74.9 

63.5 

82.5 

41.7 

2F-3P 

AC3 

85.6 

88.1 

85.5 

67.6 

79.2 

45.8 


AC4 

75.4 

80.5 

86.1 

66.8 

77.9 

52.1 


AC1 

79.4 

68.1 

57.2 

0 

69.2 

29.5 

400 Hz 

AC2 

80.5 

57.6 

48.6 

0 

53.9 

48.7 

5P 

AC3 

64.8 

67.3 

59.7 

0 

64.5 

36.7 


AC4 

66.4 

67.6 

38.1 

0 

67.7 

49.2 


AC1 

82.8 

80.8 

71.9 

55.6 

77.0 

51.2 

480 Hz 

AC2 

81,1 

85.8 

52.9 

53.0 

85.7 

49.4 

4F-6P 

AC3 

72.2 

80.8 

61.6 

60.1 

79.2 

50.3 


AC4 

74,8 

70.6 

64.9 

57.4 

70.6 

46.3 
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Table 2.21 CRA Analysis - Structure-Borne Components Removed - Microphone Auxiliary 

Parameters Only - Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

69.9 

74 6 

92.3 

0 

91.2 

58.3 

80Hz 

AC2 

70.4 

77.1 

90.5 

0 

91.9 

59.8 

IP 

AC3 

83.3 

88.5 

88.3 

0 

84.1 

55.8 


AC4 

82.6 

80 5 

85.8 

0 

83.8 

60.7 


AC1 

80.4 

95.2 

0 

90.8 

97.7 

61.7 

120 Hz 

AC2 

78.1 

96.5 

0 

90.9 

97.8 

66.4 

IF 

AC3 

81.9 

95.2 

0 

96.4 

91.6 

64.5 


AC4 

76.0 

94.0 

0 

85.5 

91.0 

59.3 


AC1 

76 2 

81.9 

62.3 

0 

82.6 

48.1 

160 Hz 

AC2 

82.8 

71.8 

67.4 

0 

74.0 

42.4 

2P 

AC3 

81.1 

81.5 

70.2 

0 

83.5 

44.8 


AC4 

79.5 

80.0 

71 .9 

0 

76.6 

44.8 


AC1 

75.9 

87.2 

77.3 

71.0 

86.8 

42.5 

240 Hz 

AC2 

69.5 

83.7 

74.9 

63.5 

82.5 

41.7 

2F-3P 

AC3 

85.6 

88.1 

85.5 

67.6 

79.2 

45.8 


AC4 

75.4 

80.5 

86.1 

66.8 

77.9 

52.1 


AC1 

79.4 

68.1 

57.2 

0 

69.2 

29.5 

400 Hz 

AC2 

80.5 

57.6 

48.6 

0 

53.9 

48.7 

5P 

AC3 

64.8 

67.3 

59.7 

0 

64.5 

36.7 


AC4 

66.4 

67.6 

38.1 

0 

67.7 

49.2 


AC1 

82.8 

80 8 

71.9 

55.6 

77.0 

51.2 

480 Hz 

AC2 

81.1 

85.8 

52.9 

53 

85.7 

49.4 

4F-6P 

AC3 

72 2 

80 8 

61.6 

60.1 

79.2 

50.3 


AC4 

74.8 

70.6 

64.9 

57.4 

70.6 

46.3 








































Table 2.22 CRA Analysis - Structure-Borne Components Removed - Accelerometer Auxiliary 

Parameters Only - Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

69.9 

79.6 

79.4 

0 

55.0 

58.3 

80Hz 

AC2 

70.4 

77.8 

77.6 

0 

55.6 

59.8 

IP 

AC3 

83.3 

75.2 

75.5 

0 

47.8 

55.8 


AC4 

82.6 

72.8 

72.9 

0 

47.5 

60.7 


AC1 

80 4 

82 3 

0 

73.3 

80.2 

61.7 

120 Hz 

AC2 

78.1 

81 8 

0 

73.4 

80.3 

66.4 

IF 

AC3 

81.9 

80.8 

0 

78.9 

74.1 

64.5 


AC4 

76 0 

68.9 

0 

68.1 

73.5 

59.3 


AC1 

76.2 

53.0 

63.1 

0 

64.1 

48.1 

160 Hz 

AC2 

82.8 

66.1 

68.3 

0 

55.5 

42.4 

2P 

AC3 

81.1 

70.2 

71.1 

0 

65.0 

44.8 


AC4 

79.5 

72.8 

72.7 

0 

58.0 

44.8 


AC1 

75.9 

85.6 

74.8 

84.6 

75.9 

42.5 

240 Hz 

AC2 

69.5 

70.6 

72.4 

77.1 

71.6 

41.7 

2F-3P 

AC3 

85.6 

87.8 

83.0 

81.1 

68.3 

45.8 


AC4 

75.4 

85.1 

83.6 

80.4 

67.0 

52.1 


AC1 

79.4 

63.3 

62.6 

0 

49.9 

29.5 

400 Hz 

AC2 

80.5 

53.0 

54.0 

0 

34.6 

48.7 

5P 

AC3 

64.8 

65.0 

65.1 

0 

45.2 

36.7 


AC4 

66.4 

49.7 

43.4 

0 

48.4 

49.2 


AC1 

82.8 

75.7 

77.5 



51.2 

480 Hz 

AC2 

81.1 

69.2 

58.6 




4F-6P 

AC3 

72.2 

70.3 

67.2 

65.8 




AC4 

74.8 

69.4 

70.5 

63.1 


46.3 


























Table 2.23 Combined CRA Analysis - Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

69.9 

74.6 

92.3 

0 

91.2 

58.3 

80Hz 

AC2 

70.4 

77.1 

90.5 

0 

91.9 

59.8 

IP 

AC3 

83.3 

88.5 

88.3 

0 

84.1 

55.8 


AC4 

82.6 

80.5 

85.8 

0 

83.8 

60.7 


AC1 

80.4 

82.3 

0 

73.3 

80.2 

61.7 

120 Hz 

AC2 

78.1 

81.8 

0 

73.4 

80.3 

66.4 

IF 

AC3 

81.9 

80.8 

0 

78.9 

74.1 

64.5 


AC4 

76.0 

68.9 

0 

68.1 

73.5 

59.3 


AC1 

76.2 

81.9 

62.3 

0 

82.6 

48.1 

160 Hz 

AC2 

82.8 

71.8 

67.4 

0 

74.0 

42.4 

2P 

AC3 

81.1 

81.5 

70.2 

0 

83.5 

44.8 


AC4 

79.5 

80.0 

71.9 

0 

76.6 

44.8 


AC1 




84.6 

75.9 

42.5 

240 Hz 

AC2 




77.1 

71.6 

41.7 

2F-3P 

AC3 

85.6 

87.8 


81.1 

68.3 

45.8 


AC4 

75.4 

85.1 


80.4 

67.0 

52.1 


AC1 

79.4 

68.1 

57.2 

0 

69.2 

29.5 

400 Hz 

AC2 

80.5 

57.6 

48.6 

0 

53.9 

48.7 

5P 

AC3 

64.8 

67.3 

59.7 

0 

64.5 

36.7 


AC4 

66.4 

67.6 

38.1 

0 

67.7 

49.2 


AC1 

82.8 

808 

71.9 

55.6 

77.0 

51.2 

480 Hz 

AC2 

81.1 

85.8 

52.9 

53 

85.7 

49.4 

4F-6P 

AC3 

72.2 

808 

61.6 

60.1 

79.2 

50.3 


AC4 

74.8 

70.6 

64.9 

57.4 

70.6 

46.3 


Table 2.24 Independent AB Propeller and Engine Predictions - 
Cruise at 75% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 

Predicted Responses - dBA 

AB 

Combined 

AB-Prop 

Only 

AB-Eng 

Only 

SB-Eng 

Removed 


AC1 

69.9 

74.6 

76.7 

74.9 

58.3 

80Hz 

AC2 

70.4 

77.1 

74.9 

75.6 

59.8 

IP 

AC3 

83.3 

88.5 

72.8 

67.7 

55.8 


AC4 

82.6 

80.5 

70.2 

67.5 

60.7 
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Table 2.25 Combined CRA Analysis - Cruise at 65% Power. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

69.5 

69.6 

91.3 

0 

91.3 

58.3 

80Hz 

AC2 

69.9 

80.9 

89.4 

0 

92.0 

59.8 

IP 

AC3 

78.8 

87.8 

87.3 

0 

84.2 

55.9 


AC4 

77.9 

79.8 

84.8 

0 

83.9 

60.7 


AC1 

79.7 

82.6 

0 

74.1 

79.9 

61.8 

120 Hz 

AC2 

77.2 

82.1 

0 

74.1 

80.0 

66.5 

IF 

AC3 

82.1 

81.6 

0 

79.7 

73.8 

64.6 


AC4 

76.6 

69.0 

0 

68.8 

73.2 

59.4 


AC1 

79.7 

81.7 

66.9 

0 

82.8 

46.3 

160 Hz 

AC2 

80.5 

72.4 

72.1 

0 

74.2 

40.7 

2P 

AC3 

77.4 

80.0 

74.8 

0 

83.7 

43.1 


AC4 

78.5 

82.1 

76.5 

0 

76.7 

43.1 


AC1 

78.9 

82.6 

67.7 

80.6 

72.4 

43.8 

240 Hz 

AC2 

74.3 

62.6 

65.3 

73.1 

68.1 

43 

2F-3P 

AC3 

79.8 

83.6 

75.9 

77.2 

64.8 

47 


AC4 

73.1 

75.4 

76.5 

76.4 

63.4 

53.3 


AC1 

77.1 

59.4 

57.6 

0 

61.9 

31.3 

400 Hz 

AC2 

78.5 

48.1 

49.1 

0 

46.7 

50.5 

5P 

AC3 

65.5 

64.3 

60.1 

0 

57.3 

38.5 


AC4 

68.8 

59.8 

38.5 

0 

60.4 

51 


AC1 

79.5 

81.9 

81.7 

598 

61.0 

57.7 

480 Hz 

AC2 

71.9 

62.0 

62.7 

57.2 

69.7 

55.9 

4F-6P 

AC3 

78.2 

74.3 

71.4 

64.3 

63.2 

56.8 


AC4 

73.0 

73.8 

74.7 

61.6 

54.6 

52.8 
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Table 2.26 Combined CRA Analysis - Best Rate of Climb. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

78.2 

78.5 

78.3 

0 

55.1 

59.9 

80Hz 

AC2 

75.7 

76.8 

76.4 

0 

55.8 

61.4 

1P 

AC3 

77.6 

74.7 

74.3 

0 

48 

57.5 


AC4 

80.3 

72.2 

71.7 

0 

47.7 

62.3 


AC1 

79.4 

84.7 

0 

72.6 

82.5 

65.3 

120 Hz 

AC2 

77.1 

84.5 

0 

72.6 

82.6 

70 

1F 

AC3 

82.4 

82.7 

0 

78.1 

76.4 

68.1 


AC4 

76.8 

74.8 

0 

67.3 

75.8 

62.9 


AC1 

82.1 

68.2 

66.2 

0 

69.6 

42.4 

160 Hz 

AC2 

73.2 

69.5 

71.4 

0 

61.0 

36.8 

2P 

AC3 

79.4 

76.7 

74.1 

0 

70.5 

39.2 


AC4 

70.5 

74.3 

75.8 

0 

63.5 

39.2 


AC1 

79.8 

80.1 

67.9 


74.7 

46.8 

240 Hz 

AC2 

81.8 

63.1 

65.5 


70.4 

45.9 

2F-3P 

AC3 

83.8 

80 

76.1 


67.1 

50 


AC4 

79.8 

80.2 

76.8 


65.8 

56.3 


AC1 

82.0 

60.8 

61.3 

29.0 

66.6 

lllll 

480 Hz 

AC2 

81.6 

75.3 

42.4 

26.5 

75.4 


4F-6P 

AC3 

72.8 

67.8 

51.0 

33.5 

68.8 

46.8 


AC4 

74.9 

61.3 

54.3 

30.9 

60.2 

42.8 




























Table 2.27 Combined CRA Analysis - Normal Rate of Climb. 
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Table 2.28 Combined CRA Analysis - Cruise Descent. 


Spectral 

Tone 

Cabin 

Sensor 

In-Flight 

Levels 

dBA 


Predicted Responses 

-dBA 


AB 

Combined 

AB-Prop 

Contribution 

AB-Exhst 

Contribution 

AB-Eng 

Contribution 

SB-Eng 

Removed 


AC1 

67.4 

77.5 


0 

64.7 

58.5 

80Hz 

AC2 

71.1 

75.4 


0 

65.4 

60.0 

IP 

AC3 

78.5 

72.8 


0 

57.5 

56.0 


AC4 

76.4 

70.2 

71.6 

0 

57.3 

60.9 


AC1 

80.1 

80.6 

0 

73.2 

78.3 

59.7 

120 Hz 

AC2 

78.9 

80.0 

0 

73.2 

78.4 

64.4 

1F 

AC3 

81.0 

79.9 

0 

78.7 

72.2 

62.5 


AC4 

76.8 

65.0 

0 

67.9 

71.6 

57.3 


AC1 

76.2 

79.8 

71.9 

0 

82.7 

45.5 

160 Hz 

AC2 

69.1 

66.7 

77.1 

0 

74.1 

39.9 

2P 

AC3 

74.7 

82.4 

79.9 

0 

83.6 

42.3 


AC4 

75.4 

83.0 

81.5 

0 

76.7 

42.3 


AC1 

78.7 

75.2 

67.1 

76.8 

62.5 

42.5 

240 Hz 

AC2 

71.1 

68.2 

64.7 

69.3 

58.2 

41.7 

2F-3P 

AC3 

79.2 

80.4 

75.3 

73.4 

54.9 

45.7 


AC4 

79.1 

76.5 

76.0 

72.6 

53.6 

52.0 


AC1 

78.7 

76.6 

75.3 

56.8 

67.8 

57.2 

480 Hz 

AC2 

73.9 

76.1 

56.3 

54.2 

76.5 

55.4 

4F-6P 

AC3 

73.5 

65.7 

65.0 

61.3 

70.0 

56.4 


AC4 

68.5 

72.4 

68.3 

58.6 

61.4 

52.3 






































Table 2.29 Summary of Significant Airborne Noise Sources. 


Spectral 

Tone 

Flight 

Condition 

Airborne Source 

Propeller 

Exhaust 

Engine 

80 Hz 
IP 

C75 

V 


V 

C65 

V 


V 

BRC 

V 



NCL 

V 


V 

DES 

V 



120 Hz 
1F 

C75 


A / 

a/ 

C65 


a/ 

V 

BRC 


V 

V 

NCL 


V 

a/ 

DES 


V 

V 

160 Hz 
2P 

C75 



A / 

C65 

V 


V 

BRC 

V 


V 

NCL 

V 


V 

DES 

V 


V 

240 Hz 
2F-3P 

C75 

V 

V 

a/ 

C65 

V 

V 

V 

BRC 

V 

V 

V 

NCL 

V 

V 

a/ 

DES 

V 

V 


400 Hz 
5P 

C75 



V 

C65 

V 


V 

BRC 




NCL 




DES 




480 Hz 
4F-6P 

C75 



V 

C65 

V 



BRC 



a/ 

NCL 



V 

DES 

V 


a/ 
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Figure 2.1 Cessna Model 182E Test Aircraft. 
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■ Accelerometer • Microphone 


Figure 2.2 (continued) Instrumentation Layout. 







V. ' V 


Figure 2.2 (continued) Instrumentation Layout, 
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Figure 2.3 External Microphone Mounting Arrangement. 
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Sound Pressure Level - dB Sound Pressure Level - dB 


Cessna 182E 75% Power Cruise 
Cabin Microphone AC1 



a) Pilot’s Position 


Cessna 182E 75% Power Cruise 
Cabin Microphone AC2 



b) Copilot’s Position 
Figure 2.4 Forward Cabin SPL Spectra. 
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Sound Pressure Level - dB Sound Pressure Level - dB 


Cessna 182E 75% Power Cruise 
Cabin Microphone AC3 



a) Right Passenger 


Cessna 182E 75% Power Cruise 
Cabin Microphone AC4 



b) Left Passenger 
Figure 2.5 Aft Cabin SPL Spectra. 
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Power Spectrum - g2 Power Spectrum - g2 


Cessna 182E 75% Power Cruise 
Engine Mount Isolation EC8/EC4 



a) Transverse 


Cessna 182E 75% Power Cruise 
Engine Mount Isolation EC9/EC5 



b) Axial 


Figure 2.13 Engine Mount Isolation. 
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Power Spectrum - g2 


Cessna 182E 75% Power Cruise 
Engine Accelerometer EC12 



Frequency - Hz 


a) Mid Center 


Cessna 182E 75% Power Cruise 
Engine Accelerometer EC13 



c) Upper Center 

Figure 2.15 Firewall Vibration Spectra. 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-61 






Sound Pressure Level - dB 



General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 2-62 







General Aviation Interior Noise: Page 2-63 

Part I - Source/Path Identification Technology 






130 



c) Copilot’s Door - Center 


Cessna 182E 75% Power Cruise 
Exterior Microphone AE4 



d) Downstream From Exhaust 


Figure 2.17 (continued) Fuselage Exterior SPL Spectra. 
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Figure 2.19 Cessna Model 182E in Ground Test Configuration. 



Figure 2.20 Speaker Array Used to Simulate Propeller Airborne Noise. 
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Sound Pressure Level - dB 


100 



0 100 200 300 400 500 600 700 800 900 1000 

Frequency - Hz 

Figure 2.21 Response of Windshield Microphone, AE1 , to Propeller Simulation. 



Figure 2.22 Response of Cabin Microphones to Propeller Simulation. 
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Sound Pressure Level - dB <5' Sound Pressure Level - dB 



lure 2.27 Response of Firewall Microphone EC14 to Simulated Engine Noise. 



Figure 2.28 Response of Cabin Microphones to Simulated Engine Noise. 
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Frequency - Hz 


a) Accelerometer AC5 - Instrument Panel Right Side 




o* <& cS 


Frequency - Hz 


b) Accelerometer EC13 - Firewall Upper Center 


Figure 2.36 Simulated Engine/Propeller SBN Excitation FRF’s. 
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AC2 - Copilot 



: First Propeller Tone @ 80 Hz, Cruise at 75% Power. 






3. NOISE SOURCE RANKING OF INTERIOR PANEL GROUPS 

Iii this section, a new method for estimating contributions from panel groups to the 
interior acoustic field of a vehicle is presented. This approach examines the inverse problem, 
where pressures in the interior acoustic field are known and, based on an influence matrix, are 
back-propagated to a known source geometry. The source composition of individual panels, in 
terms of magnitude and phase, results. A verification example exhibiting execution of the 
technique is discussed. In addition, this method is applied to in-flight data collected on the 
Cessna 182E test aircraft. The resulting source panel contribution information is useful in 
determining which panel groups are dominant and how the radiated fields from individual panel 
groups combine constructively or destructively to form the resulting acoustic field. 

3.1 Acoustic Holography for Vehicle Interiors 

As stated, a new method for ranking noise sources for a vehicle interior is defined and 
verified through an example problem. This technique investigates the inverse problem, 
estimating the source composition based on pressures measured in a hologram. The method 
typically combines numerical simulation data with test data to accomplish this task. The 
numerical simulation data is used to form the influence matrix. The test data consists of pressure 
measurements collected at the hologram locations. These locations are replicated in the 
numerical simulation model. The influence matrix technique allows noise sources to be 
identified for more complex geometries, such as a vehicle interior, where traditional approaches 
may be limited. 

3.1.1 The Inverse Problem 

The inverse problem using the influence matrix technique was derived and verified at 
SwRI under an internal research project [10]. This technique follows the method of conventional 
Near-field Acoustical Holography (NAH), where pressures are measured in the acoustic near- 
field, then back-propagated to a defined source geometry to identify contributing sources. The 
influence matrix technique incorporates an influence matrix constructed using Boundary Element 
(BE) model simulations. The inverse of this matrix is used to predict the corresponding source 
distribution based upon the hologram pressures measured in the acoustic field. With the 
influence matrix technique, these measurements are not restricted to the acoustic near field. In 
addition, more complex geometries, such as non-planar sources or enclosures, are properly 
handled with this technique, a distinct advantage over conventional NAH. 

The mathematics involved for this method is straightforward. The influence, or Q, 
matrix is calculated based on the potential source geometry and pressure measurement locations 
forming the hologram. The expression, P = QV , relates source velocities, V, to the resulting 
pressure field, P, generated by these sources at the hologram pressure locations, hi the BE 
model, the sources are composed of “panels” or elements, where velocity boundary conditions 
are applied. The acoustic pressures are calculated at data recovery nodes, corresponding to the 
hologram pressure locations, defined in the acoustic medium, hi a typical simulation, pressures 
at each data recovery node are calculated for a given set of source element boundary conditions. 
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Tlie Q matrix is constructed by individually applying a unit velocity boundary condition 
for each of the source elements and recording the calculated pressures at the data recovery nodes 
in the hologram space. The inverse, or pseudo-inverse, of the Q matrix is then used to predict 
the velocity distribution of the sources. The pseudo-inverse is defined as follows: 

A + =B 2 E + Bf, 

where the matrices B x and B, are formed using the singular value decomposition of A defined 
as, 

A = B 1 E B^ . 

The E + matrix is a diagonal matrix composed of the reciprocals of the singular values of 
A. Therefore, using the pseudo-inverse of Q, Q + , the following expression results, relating 
hologram pressures to source velocities, V=Q + P. In effect, the pressures measured in the 
hologram space are projected onto a set of orthogonal basis vectors created by the singular value 
decomposition of the influence matrix. More clearly, the influence matrix, containing the 
hologram pressure distributions attributed to each individual source element, is decomposed into 
a set of orthogonal vectors. The measured hologram pressures are then projected onto this set. 
The influence matrix is then reconstructed to determine the composition of the potential sources 
needed to estimate the measured pressure field. The next section presents an example that 
verifies application of this technique. 

3.1.2 Verification Example 

In this section, a verification example examining the inverse problem as applied to a 
general aviation aircraft interior is discussed. The influence matrix technique was used to 
identify the composition of an arbitrary distribution of sources defined in a BE model. Varying 
velocity boundary conditions were applied to multiple source elements, producing an acoustic 
pressure field in the cabin interior. This pressure field was mapped at discrete locations in the 
hologram space by specifying data recovery nodes. The influence matrix technique was then 
executed to determine whether these sources could be predicted using only the hologram 
pressure calculations and inverse of the influence matrix. 

The BE model of the aircraft interior is shown in Figure 3.1 . hi the interest of simplicity, 
the model includes only the cabin boundary, neglecting seats and other complicating interior 
features. However, the model is certainly suitable for simulating the acoustic environment of an 
aircraft cabin, especially at low frequencies, and should prove useful in verifying the influence 
matrix technique. The model consists of 918 acoustic boundary elements with a characteristic 
length of 6 inches, resulting in 4 to 5 elements per wavelength at 500 Hz. The pressure hologram 
consists of 995 data recovery nodes also shown in Figure 3.1. These nodes are located hi planes 
near the side windows and roof, representing potential in-flight measurement locations for 
microphones. The influence matrix is constructed by completing an individual BE simulation for 
each potential source, in this case all boundary elements. For each simulation, the boundary 
condition for the specific element is set to a unit velocity. Thus, the influence matrix has 995 
rows by 918 columns. 
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Tlie velocity boundary conditions selected for the example problem are shown in Figures 
3.2 and 3.3. The BE simulation was executed using this velocity distribution for a frequency of 
500 Hz, with all of the sources in phase at 0°. The pressure contours calculated at the hologram 
locations are shown in Figures 3.4 and 3.5. The pressure distribution shown in these figures 
indicates that the source composition would be difficult to predict based solely on this data. The 
regions of higher pressures do not necessarily correspond to areas where sources are present. 
This is expected due to the modal nature of the enclosure response. These hologram pressures 
were processed using the inverse matrix technique, and a predicted source distribution was 
calculated. The predicted source composition is shown in Figures 3.6 and 3.7, where the 
velocity magnitude along the boundary is displayed. Comparison of Figures 3.6 and 3.7 to 3.2 
and 3.3 provide verification of the technique. The velocity composition is accurately 
reconstructed, with die contributing elements easily noted. The sources are also clearly 
identified in the phase plots shown in Figures 3.8 and 3.9 with the color green corresponding to 
zero phase. A random phase pattern exists for the noncontributing sources that formed the rigid 
barrier. 

3.2 In-Flight Microphone Array Measurements 

This section discusses the in-flight microphone array measurements made aboard the 
Cessna 182E test aircraft. The aircraft was flown on April 26, 1999, departing and landing at 
Stinson Airfield in San Antonio, Texas. During the flight, acoustic data was collected at several 
locations throughout the cabin during cruise conditions to form the hologram data set. The 
acoustic data was processed and used to implement the influence matrix technique, predicting 
contributions from panel groups to the overall cabin noise. This activity is reported Section 3.3. 

3.2.1 Instrumentation 

The array was composed of 814-inch ICP microphones mounted in a lightweight, wooden 
fixture shown in Figure 3.10. The array microphones were spaced 2 inches apart. Spacers and 
rubber bumpers were affixed to the top and bottom ends of the array, creating an offset of 114- 
inch between the heads of the microphones and the measurement surface. An additional 414-inch 
ICP microphones were positioned in the cabin, mounted at the same locations as the interior 
microphones used for the previous in-flight data exercise and ground test reported in Section 2. 
These locations are referred to as AC1 through AC4, corresponding to the pilot, co-pilot, right 
passenger seat, and left passenger seat positions. A microphone amplifier powered the 
microphones, and power to the amplifier was provided by the DC power supply running off of 
internal batteries. The microphone data was recorded using a 16-channel DAT recorder. Before 
the flight, each of the twelve microphones was calibrated using an acoustic calibrator. 

3.2.2 Array Measurements 

The hologram data were recorded for the 75 percent power cruise flight condition (C75). 
These conditions were maintained for the duration of the flight. Array measurements were 
conducted for 52 locations throughout the cabin. The locations were concentrated around the 
front windshield, dash, and area below the dash, as well as near the forward and rear side 
windows, resulting in a total of 416 microphone locations within the cabin. The microphone 
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locations are most easily visualized in the BE model to be discussed in Section 3.3. The 
microphone array was moved from position to position during flight, with each position denoted 
by a pair of white markers for aligning the top and bottom of the array. The microphone 
positions were spaced at a nominal distance of 3” apart, forming grids with a 2” vertical and 3” 
horizontal spacing. Several representative locations are pictured in Figures 3.11 through 3.16. 
Data were collected at each location for 1.5 to 2 minutes, so that adequate data would be 
available for spectral analysis in the frequency range out to 1 ,000 Hz. 

The time history data was post-processed using a signal analyzer capable of producing 
cross spectra. Using the four fixed cabin microphones as references, cross-spectral functions 
were computed between these references and the eight array microphones for each of the 52 
measurement locations. The data were processed at a sampling frequency of 2.56 kHz with a 
record size of 1,024 points. This established a bandwidth of 1 kHz with a frequency resolution 
of 2.5 Hz. A Hanning window was applied and 130 averages were completed for each data set. 
A typical spectrum measured by one of the hologram microphones is shown in Figure 3.17. 

3.3 Acoustic Holography Results 

3.3.1 Boundary Element Model 

A BE model of the Cessna 182E aircraft cabin was constructed in order to implement the 
influence matrix technique. This model was generated using the loft surfaces from a CAD model 
of a typical Cessna 182. The BE model is symmetric about the longitudinal axis and the right 
half is shown in Figure 3.18. The front seats are included, but are de-featured and modified to 
simulate the volume of an actual seat and passenger. The BE model is effectively “hard walled,” 
with an infinite impedance present along the boundaries. There are 1,924 elements with a 
characteristic element length of 4 to 5 inches. Following the guideline of 4 to 6 elements per 
wavelength, the model is definitely suitable for analysis up to 500 Hz. The hologram data 
recovery nodes are displayed in Figure 3.19. These nodes correspond to the 416 microphone 
array measurement locations of the holography flight data. 

Initially, the potential sources were limited to elements composing the front windshield, 
firewall, dash, and the front and rear windows for the GAH evaluation. These 376 elements are 
shown in Figure 3.20. Fimiting the number of potential sources was enacted in an attempt to 
enhance the prediction capability. If there are more hologram measurement locations than 
potential sources, the problem is “over-defined” and increased accuracy of source prediction 
should result. However, since the number of hologram locations is limited, there is a risk of 
restricting the potential sources too severely, effectively defining an inadequate source group. In 
this case, there may be actual sources that are not included in the group of potential sources. For 
a problem such as the aircraft cabin, a balance must be achieved, since a complex source 
distribution is anticipated. 

For the 416-node hologram grid, the influence matrix has dimensions of 416 rows by 376 
columns. Influence matrices were formed for several selected frequencies corresponding to 
prominent blade passage, engine rotation, engine exhaust tones and combinations thereof. Tire 
following discussions will concentrate on the results from the 80 Hz and 120 Hz models. 
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3.3.2 Panel Group Contributions 

The in-flight hologram pressure distribution at 80 Hz is shown in Figures 3.21 and 3.22. 
The front view is looking into the dash and firewall from inside the cabin. The pressure field is 
quite complex, with pressure extremum spread throughout the hologram region. Based upon this 
pressure distribution, a predicted velocity composition at 80 Hz is shown in Figures 3.23 through 
3.26. For this example, the inverse of the influence matrix was constructed using 100 singular 
values. The pressure distribution in the hologram, simulated using the prediction velocities, is 
shown in Figures 3.27 and 3.28. A consistent pressure distribution is observed between the 
measured and simulated field near the windows; however, simulated pressure magnitudes are 
lower. The agreement is not as good for the hologram locations near the front windshield, dash, 
and firewall. Here, certain features in the pressure distribution are replicated while most are 
absent. 


These results led to a second attempt at generating the inverse of the influence matrix. 
Typically, when increasing the number of singular values used to construct the inverse of the 
influence matrix, increased accuracy is expected, especially when attempting to reproduce a 
complex pressure field. However, caution must be exercised in selecting the appropriate number 
of singular values. The pseudo-inverse of a matrix is calculated using the inverse of the singular 
values of that matrix. Thus, a sharp decrease in singular value magnitudes can lead to 
inaccuracies introduced by a poorly composed pseudo inverse. Typically, for the influence 
matrix technique, a natural break point is sought in selecting the number of singular values 
necessary to accurately approximate the hologram pressure distribution. The magnitude trend of 
the singular values for the 80 Hz influence matrix is shown in Figure 3.29. Reviewing this plot, 
no strong candidate for a break point is clearly evident; therefore, for the second attempt at 
calculating the pseudo-inverse of the influence matrix, 200 singular values were tried. The 
source composition for this case is exhibited in Figures 3.30 through 3.33. A dramatic shift in 
the source distribution is observed for this case when compared to the 100 singular value case. 
The velocity magnitudes at the firewall have increased substantially, now becoming dominant; 
however, little change is noted in the hologram locations near the side windows as seen in Figure 
3.34. Referring to Figure 3.35, additional features in the hologram pressure distribution near the 
dash and firewall are now present. In several regions of the hologram, the pressure magnitudes 
are virtually unchanged. This result could be expected. An increase in the source velocity 
magnitudes suggests that an increase in the resulting pressure magnitudes will result; however, if 
the sources are properly phased, they can make up a bound field and result in no additional 
radiation. 

These results are difficult to interpret due to the uncertainty of convergence of the 
influence matrix inverse. The hologram pressure distributions observed for the 100 and 200 
singular value cases are similar, with some refinement present for the increased singular value 
condition; however, the source compositions are markedly different. The 100 singular value 
case indicates the dash and windshield are the most pronounced sources at this frequency, while 
the 200 singular value case points to the firewall as the region with the highest source velocities. 
This is partially explained by the vector plots of Figures 3.36 and 3.37. These plots decompose 
the pressures at the four cabin reference microphone locations into contributions from individual 
panel groups. The cancellation that occurs between the radiated fields created by different panel 
groups is apparent. The surprising result is that the phase relationships are not consistent 
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between the 100 and 200 singular value cases. This furthers the possibility that the inverse of the 
influence matrix has not properly converged. In addition, it is important to note the manner in 
which the radiated fields from different panel groups combine to produce an overall level at a 
given location. Application of noise treatment or reduction in vibration levels of a given group 
may decrease the noise levels, or actually increase them in certain regions. 

The SPL values for the 80 Hz case at the 4 reference cabin microphone locations are 
included in Table 3.1. As shown above, a portion of the hologram pressure field near the 
windows is reproduced; however, the levels at the microphone locations are not well matched, 
indicating this portion of the pressure field is not accurately reproduced. Since the hologram 
locations are concentrated along the boundaries near the sources, other regions of the enclosure 
may not be as well matched. 


Table 3.1 Summary of SPL at Cabin Microphone Locations - 80 Hz. 


Location 

Location ID 

SPL (dB) 

In-Flight 

Predicted 

Holography 
Data Flight 

100 Singular 
Values 

200 Singular 
Values 

Pilot 

AC1 

93.5 

101 

101 

Co-pilot 

AC2 

91.9 

98.9 

109 

Right Passenger 

AC3 

107 

92.5 

104 

Left Passenger 

AC4 

109 

92.6 

98.7 ; 


In general, a similar overall trend in the results is seen for the 120 Hz case. The 
measured hologram pressures are shown in Figures 3.38 and 3.39. The predicted velocity field 
using 100 singular values to form the influence matrix inverse is shown in Figures 3.40 through 
3.43. The simulated pressure field created using these predicted velocities is displayed in 
Figures 3.44 and 3.45. This case was also ran using 200 singular values, and similar results are 
noted. The predicted velocity field for 200 singular values is shown in Figures 3.46 though 3.49. 
Again, a sharp increase in velocity magnitudes is noted where the highest levels have now 
shifted from the windows, windshield, and dash to the firewall. The simulated pressure 
distribution in the hologram in displayed in Figures 3.50 and 3.51. Again, refinement is 
observed, especially in the dash and windshield areas. Yet, little change is noted in the region 
around the windows. The SPL results for the 4 reference microphones for the 120 Hz case are 
documented in Table 3.2. 

3.3.3 Extended Model Results 

The results presented thus far indicate that the Cessna 1 82 source identification exercise 
included a source field that was perhaps over restricted, as exhibited by the predicted pressure 
distribution in the hologram. A better match between the actual measured pressures and the 
predicted pressures calculated from the GAH technique was anticipated; however, if the proper 
source elements are not included in the analysis, the appropriate features in the hologram cannot 
be reproduced and the predicted source distribution may not be accurate. To address these 
issues, additional source elements were added to the inverse matrix technique solution. 
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Table 3.2 Summary of SPL at Cabin Microphone Locations - 120 Hz. 


Location 

Location ID 

SPL (dB) 

In-Flight 

Predicted 

Holography 
Data Flight 

100 Singular 
Values 

200 Singular 
Values 

Pilot 

AC1 

98.3 

71.7 

92.4 

Co-pilot 

AC2 

98.8 

89.5 

85.2 

Right Passenger 

AC3 

98.2 

91.3 

95.9 

Left Passenger 

AC4 

99.3 

86.2 

92.4 


The additional elements were added along each side of the cabin, starting at the back 
edge of the door, forward to the firewall. The floor and the forward portion of the ceiling were 
also included. The complete set of potential source elements is shown in Figure 3.52. This 
figure is compared to Figure 3.20 to show which elements were added. The GAH technique was 
applied with this source set for the 80 Hz case. The computer ran time for a single frequency 
point exceeded 100 hours. The measured and predicted hologram pressure distributions are 
shown in Figures 3.53 and 3.54. The three predicted distributions shown are for using 100, 200, 
and 400 singular values to form the inverse of the influence matrix. The trend shown in these 
figures is consistent with that seen in the previous results. Increasing the number of singular 
values used to create the influence matrix inverse results in refinement of the pressure 
distribution. Numerous features are reproduced in the hologram pressure distribution for the 100 
and 200 singular cases, while others are absent. When 400 singular values are included, the 
match between the measured and predicted hologram field is excellent. In all cases presented 
here, the levels for the predicted cases are slightly lower than the measured levels. 

The predicted source distribution for these cases is seen in Figures 3.55 to 3.58. Again, 
the trends observed in the previous results are re-established. The 100 singular values case 
points to the windows, dash, windshield, and trim panels below the dash as areas with high 
source velocities. The 200 singular values case shows similarities; but as before, the source 
velocities are much increased and additional regions of high source velocities appear, namely, 
the firewall. When 400 singular values are used to form the inverse of the influence matrix, the 
source velocities increase dramatically in magnitude and tend to become more evenly distributed 
throughout the source elements, no longer confined to specific regions of the boundary. 

Insufficient source representation is believed to be the main reason that the GAH 
technique did not reproduce the hologram pressure distribution using vectors with singular 
values within 0.001 of the largest singular value. This is supported by the data presented when 
comparing the 100 singular value results with increased source representation. The source 
representation for the receiver should span the complete enclosure to ensure all possible degrees 
of freedom in the representation. The use of the higher order singular values is known to be 
mathematically destabilizing and results in the unrealistic source velocity predictions. 

Measurement of the hologram pressures in the bound field may also produce poor 
pressure prediction within the enclosure due to the over-emphasis on representation of the bound 
field. It is important to remember that the GAH technique was devised to use as a source 
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identification tool. The predicted pressures in the hologram plane are the only check to assure 
the BE model and GAH technique are performing properly; however, this should not be the end 
result of the analysis. An accurate representation of the source field is the desired result; 
however, this is the unknown. One potential improvement would be to acquire the hologram 
measurements outside of the bound field. Hologram locations should be added particularly in 
regions of interest, such as passenger locations for vehicles or operator locations for noise 
generating equipment. This would help “weight” these areas in the processing such that a more 
accurate pressure field in these regions would result. In addition, the evanescent field features 
would be de-emphasized. 

Another possible complication relates to modeling aspects of the Cessna 182E cabin. 
The cabin was modeled as a hard walled enclosure. A more accurate representation would 
include impedance values defined for these walls. Most notably, the aft partition that forms a 
barrier between the cabin and tail cone is thin and light. Modeling this member as a boundary 
with finite impedance may modify the modal features of the cabin, especially at the lower 
frequencies, and improve the accuracy of the results. 
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Figure 3.1 BE Model of Aircraft Cabin with Hologram Represented 
by Data Recovery Nodes. 
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Figure 3.2 Velocity Magnitude Distribution for Verification Problem - Left View. 



Figure 3.3 Velocity Magnitude Distribution for Verification Problem - Right View. 
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Figure 3.4 Hologram Data Recovery Pressure Contour - Side Panels. 




Figure 3.5 Hologram Data Recovery Pressure Contour - Top Panel 
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Figure 3.6 Predicted Velocity Magnitude Distribution tor 
Verification Problem - Left View. 




Figure 3.7 Predicted Velocity Magnitude Distribution for Verification 

Problem - Right View. 
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Figure 3.8 Predicted Velocity Phase Distribution for Verification Problem - Left View. 



Figure 3.9 Predicted Velocity Phase Distribution for Verification Problem - Right View. 
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Figure 3.10 Array Microphone Fixture Used for In-Flight Data Collection. 
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Figure 3.1 1 Array Measurement Locations for Dash. 
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Figure 3.14 Selected Array Measurement Locations Along Left Passenger Window. 
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Figure 3.15 Selected Array Measurement Locations Along Front Windshield. 



Figure 3.16 Selected Array Measurement Locations Along Pilot’s Window. 
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Figure 3.18 Right Side of BE Model 




Figure 3.19 Hologram Data Recovery Nodes, 
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Figure 3.20 Potential Source Elements. 
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Figure 3.21 In-Flight Acoustic Pressure Measurements at 80 Hz - Isometric View 


Figure 3.22 In-Flight Acoustic Pressure Measurements at 80 Hz - Front View. 
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Figure 3.25 Velocity Distribution at 80 Hz Using 100 Singular Values 
- Windshield Side View. 



Figure 3.26 Velocity Distribution at 80 Hz Using 100 Singular Values 
- Windshield Front View. 
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Figure 3.27 Estimated Pressure Field at 80 Hz Using 100 Singular Values - Isometric View. 



Figure 3.28 Estimated Pressure Field at 80 Hz Using 100 Singular Values 

- Front View. 
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Figure 3.30 Velocity Distribution at 80 Hz Using 200 Singular Values - Windows. 



Figure 3.31 Velocity Distribution at 80 Hz Using 200 Singular Values 

- Dash and Firewall. 


General Aviation Interior Noise: 

Part I - Source/Path Identification Technology 


Page 3-26 







Figure 3.32 Velocity Distribution at 80 Hz Using 200 Singular Values 
- Windshield Side View. 



Figure 3.33 Velocity Distribution at 80 Hz Using 200 Singular Values 
- Windshield Front View. 
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Figure 3.34 Estimated Pressure Field at 80 Hz Using 200 Singular Values - Isometric View. 



Figure 3.35 Estimated Pressure Field at 80 Hz Using 200 Singular Values 

- Front View. 
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Figure 3.37 Vector Decomposition of Simulated Pressures 
at Reference Microphones - 200 Singular Values. 
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Figure 3.38 In-Flight Acoustic Pressure Measurements at 120 Hz - Isometric View. 



Figure 3.39 In-Flight Acoustic Pressure Measurements at 120 Hz - Front View. 
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Figure 3.40 Velocity Distribution at 120 Hz Using 100 Singular Values 

- Dash and Firewall. 






Figure 3.41 Velocity Distribution at 120 Hz Using 100 Singular Values - Windows. 
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Figure 3.43 Velocity Distribution at 120 Hz Using 100 Singular Values 
- Windshield Front View. 


Figure 3.42 Velocity Distribution at 120 Hz Using 100 Singular Values 

- Windshield Side View. 
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Figure 3.46 Velocity Distribution at 120 Hz Using 200 Singular Values 

- Dash and Firewall. 



Figure 3.47 Velocity Distribution at 120 Hz Using 200 Singular Values - Windows. 
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Figure 3.48 Velocity Distribution at 120 Hz Using 200 Singular Values 

- Windshield Side View. 



Figure 3.49 Velocity Distribution at 120 Hz Using 200 Singular Values 
- Windshield Front View. 
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Figure 3.50 Estimated Pressure Field at 120 Hz Using 200 Singular Values 

- Isometric View. 



Figure 3.51 Estimated Pressure Field at 120 Hz Using 200 Singular Values 

- Front View. 
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Figure 3.52 Extended Source Element Set. 
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Figure 3.53 Measured and Predicted Hologram Pressure Distributions - Isometric View. 
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Figure 3.54 Measured and Predicted Hologram Pressure Distributions - Front View 
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Figure 3.56 Predicted Source Distributions - Dash and Firewall. 


General Aviation Interior Noise: 

Part I - Source/ Path Identification Technology 


Page 3-42 





Figure 3.57 Predicted Source Distributions - Left Side. 
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Figure 3.58 Predicted Source Distributions - Right Side. 
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4. CONCLUSIONS 


Based on the results presented from Principal Component Analysis (PC A) and 

Conditioned Response Analysis (CRA) of the Cessna Model 182E in-flight and ground test 

databases, the following observations and conclusions are made: 

The Use of PCA and CRA 

1 . PCA is a very useful analysis tool to ensure that the measured response parameters of a 
database are coherent relative to a fixed set of reference signals, such as a set of cabin 
microphones, hi this manner, relative comparisons of response amplitudes within the 
database may be made with the assurance that they are in themselves coherent responses. 

2. Unfortunately, the magnitudes of the response vectors from a PCA analysis do not 
necessarily translate into equivalent participants in producing the responses at the fixed set 
of reference signals. For example, the analysis of the Cessna 182E in-flight data showed 
relatively high levels of vibration of the engine, yet engine structure-borne noise 
transmission was found to be quite low. 

3. CRA can be extremely useful in identifying the potential source contributions from a 
coherent in-flight data set generated from a PCA. 

4. Unfortunately, a brute force application of CRA will most likely lead to poor response 
predictions from the various source simulations. Employing the following procedures will 
greatly enhance CRA accuracy: 

• Use caution in selecting the in-flight response parameter set associated with a given 
source simulation. Employ response parameters that respond well to the simulated 
source and may be shielded from other potential sources. For example, the engine 
structure-borne noise simulation parameter set should be restricted to the larger 
massive engine and engine mount aircraft components that will not be excited easily 
by airborne noise sources. 

• Initially, remove the effects of structure-borne noise (SBN) transmission from the in- 
flight data set before evaluating the potential for airborne noise transmission. This 
should be done independent of the relative contribution of SBN. 

• Separate the microphone and accelerometer parameter data sets into two 
complementary CRA’s and combine the results based on the best match to the 
in-flight measured cabin noise levels. 

Cessna Model 182E Sources and Paths 

1. Structure-borne noise transmission from engine/propeller vibration does not appear to be 
a major source of interior noise. 

2. Engine firing exhaust noise is a significant cabin noise source out to the 2 nd harmonic of 
the firing frequency (120 Hz). The path of transmission is believed to be via the firewall. 
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3 . 


The airborne propeller is a significant source out to the 3 rd harmonic of the blade passage 
frequency (80 Hz), with the windshield as a major path. 


4. Engine case radiation and/or noise generation within the engine/cowling area is a major 
source of interior noise. Propagation via the fuselage firewall appears to be the major path. 

Identification of the major panel groups contributing to cabin noise in the Cessna Model 
182E aircraft was studied using an Acoustic Holography (AH) boundary element modeling 
technique coupled with an in-flight hologram plane measurement database. The following 
conclusions are drawn from this limited study: 

The AH Modeling Technique 

1. The AH boundary element modeling technique shows promise as a prediction tool assisting 

in noise source identification for aircraft vehicle interiors. Portions of the acoustic field as 
defined by the hologram pressure distribution were reproduced, indicating agreement 
between measured data and simulated data. 

2. Modeling only the aircraft surface areas where high noise radiation is expected has led to 

uncertainty regarding identification and ranking of the sources. It is believed that this 
uncertainty can be eliminated by: 

• Complete representation of the receiving volume by modeling the entire aircraft 
interior as a potential noise radiator. This will increase the computational complexity 
of the problem and may require extended hologram measurements. 

• Extending the hologram measurement surface to those areas where low radiation is 
expected should also improve the convergence of the pseudo inverse solution 
technique used in the inverse problem solution. 

Panel Source Identification 


From the limited modeling accomplished to date, the panels in the area of the Cessna 
Model 182E windshield, windows, and instrumentation panel appear to be dominant sources to 
the cabin interior. Further analysis is required to confirm this conclusion. 
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5. RECOMMENDATIONS 


In-flight and ground test databases were acquired on a Cessna Model 182E general 
aviation aircraft and analysis procedures were developed and employed to identify the major 
noise sources and paths in the aircraft leading to the measured cabin noise levels. The analysis 
procedures need direct verification through further flight/ground testing and extended AH 
modeling. The following tasks are recommended: 

1. Devise noise control measures to reduce noise transmission across the aircraft firewall and 

test for effectiveness. 

2. Devise noise control techniques to reduce radiation from the aircraft engine case versus the 

exhaust system and test for effectiveness. 

3. Develop interior panel shielding techniques for the windshield, instrument panel, windows, 

etc., to directly identify their contribution to interior noise. 

4. Expand the AH measurement surface to include areas where low noise radiation is expected 

and expand the AH analysis to modeling of the complete aircraft cabin. Conduct parallel 
analyses for comparison to the experimental cabin panel shielding test results. 

5. Expand the AH modeling to include more detailed cabin features, such as surface absorption. 
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